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ABSTRACT

THE CARDIOVASCULAR PHYSIOLOGY OF ENDOTHELIN-l

~CHARACTERIZATION OF ENDOTHELIN-INDUCED HYPERTENSION~

By

Luke Henry Mortensen

The etiology of essential hypertension is unknown. Experimental models

of hypertension implicate a role for various endogenous vasoactive factors, such

as arginine vasopressin and angiotensin II, in certain forms of essential

hypertension. Endothelin (ET-1) also has been shown to have remarkably potent

and long-lasting vasoactive properties, exceeding those ofangiotensin II and arginine

vasopressin. Therefore, the hemodynamic characteristics of exogenously

administered ET-l were assessed in conscious rats in order to elucidate the

potential role for this novel peptide in the pathogenesis of essential hypertension.

Chronic intravenous infusion of ET-1 produced sustained, dose-dependent,

salt-dependent and reversible increases in mean arterial pressure (MAP)

associated with increases in total peripheral resistance (TPR). Mechanisms

involved in the sustained increase in TPR may be direct vascular smooth muscle

constriction and/or an alteration in the level of sympathetic nerve activity. In

support, endothelin-immunoreactivity and receptors have been identified

throughout the vasculature and the central nervous system.

Experiments were performed to elucidate a role for the renin-angiotensin

system in endothelin-hypertension since other laboratories have described potent

renal actions of endothelin. Chronic infusion of angiotensin I converting-enzyme



(ACE) inhibitors, captopril or enalapril, completely prevented

endothelin—hypertension development. Alternatively, the angiotensin II type-1

(AT1) receptor antagonist losartan was not able to prevent the development of

endothelin-hypertension. These observations suggest an action of ACE products

in endothelin-hypertension which are independent of an action of angiotensin II

on ATl receptors.

As observed in animal models of angiotensin-hypertension, the contribution

of ET-1 to the autonomic control of arterial pressure may also depend on the

integrity of certain circumventricular brain regions such as the area postrema.

Area postrema ablation, however, did not prevent or attenuate

endothelin-hypertension. Sino-aortic denervation, however, significantly

augmented endothelin-hypertension, suggesting a significant action of ET-1 on the

baroreceptor reflex.

These results suggest a potential role for ET-1 in essential hypertension

development and maintenance by interactions with components of the

renin-angiotensin system, the baroreceptor reflex, and renal fluid and electrolyte

homeostasis.
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INTRODUCTION

A. Early Background

The physiologic role of endothelin (ET-1) is presently unclear. ET-l, like other

peptide hormones, is nearly ubiquitous throughout the body and may also play

a role in the regulation of homeostasis. Serving in an endocrine, paracrine or

even neuroendocrine fashion, peptide hormones can control many physiological

processes such as cardiovascular hemodynamics; neurotransmission and

neuromodulation; skeletal, cardiac or smooth muscle contractility; as well as cell

secretion and proliferation. In addition, peptide hormones also have been shown

to play major pathophysiological roles in certain clinical diseases such as

atherosclerosis, hypertension and oncogenesis (Sporn et al., 1988). It is, therefore,

not surprinsing that the recent discovery of endothelin has attracted so much

investigational interest (Yanagisawa et al., 1988).

ET-1 is a 21-amino acid peptide, released from vascular endothelial cells,

which has been shown to produce a potent and sustained vasoconstriction, both

in vitro and in vivo, in a variety of species including dog (Goetz et al., 1988), pig

(Kimura et al., 1988), rat (I-Iirata et al., 1988), cat (Lippton et al., 1988), rabbit

('Ihiemermann et al., 1988), and guinea pig (Uchida et al., 1988). The contractility

of vascular smooth muscle is controlled by various neural and hormonal signals
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together with the local control mechanisms intrinsic to the blood vessel wall and

it is well recognized that the vascular endothelium plays an important role in the

control of vascular tonus primarily through the production of both vasorelaxant

and vasoconstrictor substances. In 1980, Furchgott and Zawadski showed that

acetylcholine—induced vasodilatation is dependent on the presence of endothelial

cells, which release a dilating substance now identified as endothelium-derived

relaxing factor (EDRF). Substantial data exist which demonstrate that, in addition

to mediating vasodilation, the endothelium can also facilitate contractile responses

of the vascular smooth muscle (Rubanyi, 1988). Various chemical and mechanical

factors, including noradrenaline, thrombin, neuropeptide Y, calcium ionophore

A23187, arachidonic acid, hypoxia, stretch and an increased transmural pressure

have all been shown to produce a vasoconstriction which is dependent on an

intact endothelium. Similarly, in 1984, investigations by O'Brien et al.

demonstrated the presence of a protease-sensitive, vasoconstrictive substance

produced by the vascular smooth muscle endothelium which they named

endothelium-derived contracting factor (EDCF). Since this earlier discovery,

several "EDCF's" have been reported and the recently isolated ET—l has been

shown to have many of the cardiovascular properties of the EDCFs described by

O'Brien and Gillespie (1985).

Since its isolation and characterization, many investigations have focused on

the ability of ET-1 to produce a potent and sustained vasoconstriction. Several

studies have also shown that ET-1 produces a bi-phasic blood pressure response,

an initial brief depressor response followed by a sustained pressor response
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(Wright et al. 1988), which further complicates any proposed physiologic role for

ET-l.

B. Molecular Identification of Endothelin

Experimental evidence suggests the presence of a mammalian "endothelin

family" predicted by three endothelin-related genes located on three separate

chromosomes (Inoue et al., 1989). Three distinct endothelin-related genes were

cloned by screening a human genomic DNA library. Additional genomic

southern-blot analysis demonstrated that the three corresponding genes existed

not only in the human genome but also in rat and porcine genomes. The amino

acid sequences of the 21-residue peptides predicted by the three human genes

were similar to but distinct from each other at several amino acid residues. These

peptides were named ET-l (after the originally discovered porcine/human

endothelin), ET-2 (two amino acid substitutions) and ET-3 (six amino acid

substitutions) (Table 1, page 7). Synthetic human ET-2 and ET-3, like ET-1,

produce a strong vasoconstriction in vitra further characterized by a transient

depressor response followed by a sustained pressor response in viva (Takasaki et

al., 1988). The potencies of the in vitra constrictor activity and the in viva pressor

activity were defined as: ET-2>ET-1>ET-3. In contrast, the initial transient

depressor response in viva was most profound upon ET-3 administration.

ET-l also elicits markedly different regional hemodynamic response patterns

(Le Monnier de Gouville et al., 1990). An intravenous (i.v.) bolus injection of ET-1

induces vasodilation predominantly in the hindquarters, but produces a biphasic
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blood pressure response in rat mesenteric artery characterized by a transient

vasodilation with a subsequent longer-lived vasoconstriction. These depressor

and pressor responses may depend on which blood vessel is employed as well

as the concentration of the peptide that is administered where a low dose of ET—1

usually elicits a prompt vasodilation in almost all vascular beds. The vasodilation

and vasoconstriction appear to be mediated by different mechanisms; the

endothelin-induced vasodilation has been controversially reported to involve

contributions by EDRF or prostacyclin release by ET-l itself from endothelial cells

(Wanner et al. 1989).

Nc-monomethyI-L-arginine (L-NMMA), an inhibitor of nitric oxide (EDRF)

synthesis, has no effect on hypotensive responses to in viva administration of

ET-1. Alternatively, vasodilation in rat mesenteric artery, induced by a low dose

of ET-3, was inhibited by L-NMMA treatment, uncovering a hidden

vasoconstrictor action of ET-3 at this previously "vasodilating" dose (Fukuda et al.,

1990). In addition, initial ET-3-induced vasodilation of rat renal artery was not

affected by pretreatment with indomethacin, suggesting that the initial depressor

response is not induced by cyclooxygenase products. In contrast, ET-l has been

demonstrated to release certain vasoconstricting cyclooxygenase products

(Gardiner et al., 1990). Indomethacin, in this instance, was able to reduce the

contractile effects of ET-1 on rat aorta. These results strongly suggest that

endothelin-induced responses are dependent on the vessel employed, the iSoform

administered, and the dose of the isoform applied.
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Examination of the endothelins' structure-activity relationships suggest that

these differences in biological activities arise primarily from sequence

heterogeneity at the peptides' amino-termini, particularly at the region between

the second and the seventh residue (Nakajima et al., 1989). These studies also

demonstrate that replacement of the amino-terminal residue affects the biological

potency of endothelins or sarafotoxins. As well, residues in the region of the

amino acid sequence from Thr[2] to Lys[7] appear to be important in binding of

the isoforms to the receptor(s). Hydrolysis of either of the two disulfide bonds

in the endothelins' superstructure prompts marked decreases in functional

activity. Two synthesized analogs of ET-1, having two disulfide bonds other than

the native 1-15 and 3-11 bonds, also demonstrate far less receptor-binding activity

than the native peptide (Hirata et al., 1989). Additionally, the residues near the

amino terminus appear to be important in terms of the endothelins'

vasoconstrictor action. Replacement of Phe[14] with Ala results in complete loss

of vasoconstrictor activity; further examination suggests that Phe[14] may be

important in the binding of ET-1 to its receptor. Information from similar

residue-substitution studies also shows that the integrity of the charged residues,

Asp[8] and GIu[10], appears to be essential in the production of the endothelins'

vasoconstrictor action. These results suggest the importance of the configuration

of the amino-terminus as well as the inner ring structure of the endothelin

peptides in terms of their biological activity.

The carboxyl-terminal end of the ET-l molecule is described as "strongly

hydrophobic" and "constructing a nonflexible, B-pleated sheet" (Kimura et al.,
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1988). Not surprisingly, this carboxyl-terminal domain also appears essential in

the exertion of the endothelins' biological activities. Removal of the

carboxyl-terminal Trp[21] residue attenuates the vasoconstrictor property of ET—1

to one-one thousandth of its original activity, probably through a decrease in the

peptide's effective receptor-binding properties. Further truncation of amino acid

residues from the carboxyl-terminus produces larger decreases in biological

activity; a synthetic, 18-amino acid isopeptide, ET[1-18], shows no activity.



Table 1. The amino acid structures of the endothelins (ETs) and sarafotoxins

(STXs). One-letter chemical notation is used. All peptides shown have two

intramolecular disulfide bonds and are designated by the half-cysteine residues.

Letters in italics indicate amino acid substitutions as compared to the structure

of ET-1.

 

123456789101112131415161718192021

ET-‘ICSCSSLMDKECVYFCHLDIIW

ET-ZCSCSSWLDKECVYFCHLDIIW

ET-3CTCFTYLDKECVYYCHLDIIW

STXaCSCKDMTDKECLNFCHQDVIW

STXbCSCKDMTDKECLYFCHQDVIW

STXcCTCNDMTDEECLNFCHODVIW
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C. Multiple Endothelin Receptor Subtypes

The diverse effects of the endothelin isoforms mentioned above suggest the

existence of multiple endothelin receptor subtypes, perhaps distributed in various

tissues at different ratios. Indeed, endothelin receptors have been shown to be

widely distributed, not only throughout the vasculature, but also in such tissues

as kidneys, lungs, adrenal glands and neurons (Koseki et al., 1989). Endothelin

receptors on these tissues may vary in their subtypes; for instance, the six amino

acid isopeptide, ET[16-21], is able to distinguish between the receptors of guinea

pig bronchus and the rat aorta (Maggi et al., 1989), suggesting the existence of at

least two distinct subtypes of endothelin receptor (as well as a possible species

differentiation in endothelin receptors).

Numerous studies of endothelin receptors utilizing scatchard analysis of

125I-labeled ET-1 and SDS-polyacrylamide gel electrophoresis of the membrane

fraction of such tissues as chick heart, rat lung, rat mesangial cells, human

placenta, bovine cerebellum, etc. (Schvartz et al., 1990), also demonstrated the

existence of three different endothelin-binding proteins. Vascular smooth muscle

appears to have only one endothelin-binding protein with a molecular weight of

~73,000 (Martin et al., 1990). A large 44 kDa receptor in rat lung has been shown

to have a higher affinity for ET-l or ET-2 than for ET-3, while a smaller 32 kDa

receptor bound selectively to ET-3. Existence of a receptor specific to ET-3 was

also demonstrated in cultured rat anterior pituitary cells and in a rat PC12

pheochromocytoma cell line.
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Three cDNA clones of endothelin-receptor have been isolated (Arai et al.,

1990). The predicted mature endothelin-receptors deduced from the nucleotide

sequence of the cDNAs from bovine lung, rat lung and A10 cells consist of 417,

441 and 426 amino acids, respectively. The differences in their molecular sizes

and the previously reported values are primarily accounted for by polypeptide

N-glycosylation; they have relatively long amino terminals preceding the first

transmembrane sequence. The encoded polypeptides each contain seven

spanning regions containing 20-27 hydrophobic amino acid residues, revealing a

probable seven-looped, G-protein coupled receptor which would place it in the

rhodopsin receptor super-family. The first type of receptor has an order of

affinity for the endothelins described as: ET-lZET—2>>ET-3. The second type of

receptor shows equipotent affinity for the three peptide isoforms. Ligand affinity

for the third type of receptor is very similar to that of the first type. These results

are compatible with the previous pharmacological and ligand-binding

experimental results in terms of the relative orders of potency. Therefore,

endothelin-receptors might be divided into three distinct prototypes, designated

as ETA, ETB and ETC. Where ETA demonstrates high affinity for ET-1 and ET-2

but not for ET-3, ET,3 has equal affinity for the three peptides, and ETC has high

affinity for ET-3. ETA has been identified as the receptor subtype existing on the

smooth muscle cell and is most likely responsible for the ET-l's vasoconstrictor

action. This subtype of receptor has also been identified on central neurons as

well as skeletal, cardiac, and bronchial smooth muscle. ET,3 has been identified

on the membranes of endothelial cells and may be responsible for production of
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EDRF. E'I‘C has been identified on gastrointestinal smooth muscle cells and

central and spinal neurons.

The expression of ET-1 receptors on vascular smooth muscle has been shown

to be regulated by angiotensin II (AngII) as well as by ET-l, itself (Hirata et al.,

1988, Roubert et al., 1989). Arginine vasopressin (AVP) and phorbol

12,13-dibutyrate were also shown to induce significant decreases in the total

number of endothelin-receptors in vitra, but at relatively high doses. The

mechanisms underlying this receptor regulation are currently unknown, however,

it was shown that ET-l-mediated endothelin receptor down—regulation is not

mediated through activation of protein kinase C since this activity could not be

blocked by pretreatment with protein kinase C inhibitors.

D. Endothelin-Induced Vasoconstriction (Cellular Mechanism of Action)

ET-l has been shown to have many vascular functions. Among these,

endothelin-induced vasoconstriction and vasodilation appear to be important in

the homeostatic regulation of vascular tonus. Despite numerous reports, the

mechanisms underlying these vasopressor and vasorelaxor responses remain

unclear. The initial studies demonstrate that the contractions produced by ET-l

are resistant to the following receptor antagonists and enzyme inhibitors:

a—adrenergic (phentolamine), H,-histaminergic (diphenhydramine), serotonergic

(methysergide), cyclooxygenase (indomethacin) and lipoxygenase

(nordihydroguiaretic acid) (Yanagisawa et al., 1988). Later studies showed that

endothelin-induced vasoconstriction may be mediated through two distinct



11

intracellular signal transduction systems, that is, Opening of receptor-operated

calcium channels (Goto et al., 1989) and phospholipase C activation (Takuwa et

al., 1990); both pathways require the activation of G—proteins. In addition,

phospholipase A2 has been shown to be activated by ET-1 to produce various

prostanoids including prostacyclin, prostaglandin E2 and thromboxane A2; these

prostanoids may be involved in the modulation of endothelin-induced

vasoconstriction and vasorelaxation (Resnik et al., 1989). Numerous studies

demonstrate that ET-1 elicits the mobilization of intracellular free calcium ions.

Following the administration of ET-1 to smooth muscle or endothelial cells,

intracellular free calcium ion concentration increases promptly and then falls to

a level significantly higher than the initial base line concentration. The initial

transient increase has been attributed to calcium ions from a caffeine-sensitive

calcium store, which is stimulated by inositol triphosphate (Kai et al., 1989). Each

of the two distinct endothelin receptors elicit phosphoinositide breakdown to

produce inositol triphosphate (1P3) and 1,2-diacylglycerol (DAG) and an increase

in intracellular free calcium ions (Arai et al., 1990). It was also demonstrated, in

A10 cells, that this process most likely occurs through stimulation of G-proteins.

The latter sustained phase in endothelin-induced increases in intracellular free

calcium ion level is ascribed to the influx of calcium ions from the extracellular

milieu (Takuwa et al., 1990). Application of nickel ion, a calcium channel

antagonist, was able to abolish the sustained increase in intracellular calcium ion

as well as the constriction induced by ET-1 in porcine coronary artery and rat

aorta (Blackburn et al., 1990). Indeed, in porcine coronary artery, ET-1 clearly



12

activates the L-type calcium channel (Goto et al., 1989) where it induces the influx

of extracellular calcium ion in the absence of membrane depolarization. Much

controversy exists, however, in terms of ascribing only one cellular mechanism

for ET-l's bioactivity and, indeed, alternate pathways may exist. For example,

Miasiro et al (1988) and others have demonstrated that ET-1 stimulates the efflux

of calcium ion from primary cultured rat vascular smooth muscle but not calcium

ion influx, and many investigators have demonstrated that application of

dihydropyridine calcium channel antagonists or removal of extracellular calcium

ion does not always abolish endothelin-induced vasoconstriction (Ohlstein et al.,

1989). These discrepancies may be partly due to differences in the type of smooth

muscle cell or the species of animal used.

The elevation of intracellular free calcium ion levels in the sustained phase

may be mediated in several ways. ET-l activates both the L-type calcium channel

and the receptor-operated, ATP-sensitive cation channel (Benham et al., 1987); the

latter channel is insensitive to nifedipine. It was also demonstrated in guinea pig

portal vein that ET-1 stimulates at least two types of calcium channels (Inoue et

al., 1990). In rat uterus or human bronchus, the contractile response occurs in two

steps (Kozuka et al., 1989, Advenier et al., 1990). In the first step, constriction is

induced by a lower concentration of ET-1 requiring extracellular calcium influx

since it is inhibited by dihydropyridine-calcium channel antagonists. The second

step is characterized by a higher efficacy but a lower potency than those observed

in the first step and does not involve an activation of dihydropyridine-sensitive

calcium channels. The activation of dihydropyridine-sensitive, voltage-dependent
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calcium channels by ET-1 in porcine coronary artery smooth muscle is also

mediated by a G-protein, insensitive to application of pertussis toxin. Further

details remain unclear as to molecular steps involved in the activation mechanism

of L-type calcium channel by ET-l. One possibility is that the a-subunit of the

corresponding G-protein stimulates the L-type channel (Brown et al., 1988).

Another possibility is that IP, and inositol 1,3,4,5-tetrakisphosphate (1P4) mediate

this calcium channel stimulation (Reiser et al., 1989).

E. Endothelin Production and Release

Various factors, including thrombin, phorbol esters, ionomycin, and

transforming growth factor-B (TGF-B) induce the production of ET-1 mRNA in

the endothelium (Masaki et al., 1990). In addition, the administration of TGF-B,

TPA (12-O-tetradecanoylphorbol-13-acetate), ionomycin, AngII, or AVP into the

incubation medium of cultured endothelial cells elicits release of ET-1 (Masaki et

al., 1990). Further complication exists in describing a physiological basis for these

stimulatory actions of endogenous agents on ET-l release. Thrombin similarly

stimulates the release of EDRF as well as the production of ET-1. Alternatively,

the increase in production of ET-1 due to thrombin is shown to be inhibited by

EDRF since this process was potentiated by the decrease in EDRF by application

of L-NMMA and methylene blue, and was reduced by the increase in EDRF due

to the presence of superoxide dismutase and 8-bromo cGMP (Boulanger et al.,

1990). Additionally, Stewart et al (1990) demonstrated that production of ET-1 in

the endothelium was markedly reduced in co-culture with smooth muscle cells
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or fibroblasts, further suggesting the existence of some feedback regulatory

mechanism in the production of ET-1.

As mentioned earlier, TPA and calcium ionophore elicit cellular

phosphoinositide breakdown, producing diacylglycerol (DAG) and inositol

triphosphate (1P3), as well as increasing cytosolic free calcium ion which, in turn,

activates protein kinase C. The activation of protein kinase C has been shown to

induce the production of ET—1 mRNA (Inoue et al., 1989). This is compatible with

the existence of TPA-responsive elements in the 5'-flanking region of the human

ET-gene (Yanagisawa et al., 1988). These cis-acting nucleotide sequences have

been shown to be the binding sites for proto-oncogene products such as c-jun and

c-fa , suggesting that activation of protein kinase C by TPA is functionally coupled

to activation of these transcriptional factors, thereby affecting the prepro-ET gene.

The human prepro ET-l (ppET-l) gene also contains a consensus motif for the

binding site of nuclear factor-1 (NF-1) and other hexanucleotide sequences for the

acute phase reactant regulatory elements which may mediate the induction of

ppET-l by TGF-B and may be involved in the induction of ET-1 under acute

physiological stress in viva (Yanagisawa et al., 1989). The latter sequence also may

be responsible for the increase in plasma level of ET-1 following surgery or acute

myocardial infarction (Miyauchi et al., 1989).

The mechanism for the release of ET-1 from endothelial cells is also unclear.

After the addition of thrombin, the maximal induction of the total amount of

prepro ET-1 in cultured endothelial cells requires 30-min or more (Yanagisawa et

al., 1988). However, a more rapid release of ET-1 into human plasma (reported
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as an increase in total ET-l concentration), was reported to occur after cold

exposure; a seven-fold increase in the plasma ET-1 was observed within 2-min

(Fyhrquist et al., 1990). Since endothelin secretory granules have not been

detected in endothelial cells, ET-l may be synthesized and immediately released

or may not be stored in vesicles for sustained periods of time. In situ, ET-l may

be transiently stored in vesicles and released by yet unknown systemic

mechanisms, however, once the tissue is excised, ET-1 in the vesicle may be

immediately released and depleted.

Circulating ET-1 is stable in the bloodstream but is eliminated quickly from

the circulation with a half-life of ~7-min (Shiba et al., 1989). In contrast, blood

pressure following exogenous administration of ET-1 is sustained at elevated

levels for long periods of time suggesting that ET-1 remains bound to its receptor

on smooth muscle in a manner supporting a slow kinetic hydrolysis or cellular

internalization. Circulating ET-1 is quickly eliminated through the lungs and

kidneys. Though these two tissues demonstrate a high density of high-affinity

binding sites for ET-l, they also exhibited high neutral endopeptidase

(enkephalinase) activity, which may play an important role in the ET-l

degradation (Vijayaraghavan et al., 1990).

F. Endothelin Biosynthesis

ET-1 is most likely produced, through precursor maturation, in the cytoplasm

of the cell. Analyses of the sequences of the 203 amino acid-porcine and the

212-amino acid, human prepro- forms of ET-1 have revealed the existence of a
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signal peptide sequence. Porcine preproET-l (ppET-l) has twelve successive

hydrophobic amino acid residues at the amino terminal side (Yanagisawa et al.,

1988). Human placental ppET-l also has a very similar signal peptide (Itch et al.,

1988). This fact suggests that the immature form of the endothelin precursor is

transported in toto across the internal cellular membrane prior to further

processing. This signal peptide may be cleaved at Gly[17]-Ala[18] after membrane

penetration. A pair of di-basic amino acid residues, Lys-Arg, is found in both

porcine and human ppET-l at the amino-terminal side of the mature ET-l

sequence, but not at the carboxyl-terminal side. Instead, a di-basic amino acid

pair, Arg-Arg, was found at position 92-93 of the porcine, and Lys-Arg at position

91-92 of the human ppET—l, further suggesting the existence of an unusual

processing pathway of the endothelins. In other words, the existence of a

39-amino acid residue intermediate, designated big endothelin (big ET) in porcine,

and a 38-residue intermediate in human could be predicted from these ppET

sequences and, indeed, in a cultured medium of porcine aortic endothelial cells,

big ET-1[1-39], peptide[22-39], and peptide[23-39] as well as ET-1[1-21] could be

detected (Sawamura et al., 1989). The sum of the amounts of the two

carboxyl-terminal peptides of big ET-1 is approximately equal to the sum of the

amounts of ET-1 and its oxidized peptide remnant, suggesting the generation of

ET-1 from big ET-l. Additionally, equi-molar big ET-1 and ET-l were detected

in human plasma (Miyauchi et al., 1989). These data suggest that big ET-1 is

probably secreted from the endothelium and converted into ET-1 in the

extracellular space. In support, extracellular conversion of big ET-1 was
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demonstrated in an in viva experiment (D'Orléans-Iuste et al., 1990). Bolus i.v.

administration of big ET-l produced a slow increase in plasma ET-l levels

detectable even at 60-min after administration. Alternatively, a significant

increase in ET-l could be detected for only 5-min after similar administration of

ET-1 further suggesting that big ET-1 is slowly converted into ET-1 in the plasma.

Likewise, increases in blood pressure following administration of big ET-l

reached peak levels after 5-min rather than after l-min as seen with ET-l.

Because big ET-1 is as efficacious as ET-1 in eliciting a pressor response, despite

a low vasoconstrictive activity in vitro (Kimura et al., 1989), these results strongly

suggest that big ET-1 can be converted to ET-l at the endothelial cell surface.

Three fractions of endothelial cells have been demonstrated to display

'endothelin converting enzyme activity' (Sawamura et al., 1990, Okada et al., 1990).

Two of these are cytosolic fractions and the other is a membrane fraction. The

most probable candidate for the converting enzyme is the membrane-bound

fraction, which is inhibited by EDTA, EGTA, o-phenanthroline and

phosphorarnidon (Okada et al., 1990). This membrane-bound enzyme has been

identified as a neutral metalloendopeptidase and is further described as being

more sensitive to big ET-l than to big ET-3. Characteristically, the enzyme is

surprisingly not inhibited by thiorphan, which is a specific inhibitor of a neutral

metalloproteinases. The latter proteinase cleaves a number of biologically active

peptides, suggesting that endothelin converting enzyme may be a subtype of

metalloendopeptidase. Phosphoramidon specifically suppresses the production

of ET-1 from cultured endothelial cells. In addition, ET-l or the big ET-l
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carboxyl-terminal fragment was barely detectable in lysates of the cells treated

with this inhibitor (additional evidence that big ET-l conversion occurs on the

surface of the cell membrane).

Finally, although the sequences of the three mature endothelins are conserved,

the mRNA sequences of the three isopeptides of ET-1 are different, suggesting the

diversity of the processing pathways of the prepro- forms of the three

endothelins. However, the endothelium produces exclusively the ET-l isoform,

indicating the importance of the ET-l processing pathway in the vascular system.

In tissues other than vascular endothelial cells, the conversion mechanism may

be different since in porcine nervous tissue, big ET-1 is barely detectable,

suggesting that, at least in neurons, big ET-l may be converted intracellularly and

stored in neurons as a neurotransmitter (Shinmi et al., 1989)

G. Proposed Role of Endothelin-1 in Hypertension

The numerous available reports on the pharmacological effects of ET-1 suggest

an important role for the peptide in the maintenance of blood pressure in addition

to other reported cardiovascular roles suggested by the following actions of ET-1:

contraction of non-vascular smooth muscle (Koseki et al., 1980); positive inotropic

and chronotropic effects on the myocardium (Ishikawa et al., 1988, Shah et al.,

1989); stimulation of atrial natriuretic factor (ANP) release (Fukuda et al., 1988);

renal effects (Rakugi et al., 1988); proliferative effect on vascular smooth muscle

cells (Komuro et al., 1988, Takuwa et al., 1991); central nervous system effects

(Takahashi et al., 1988).
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Stimulation of the endothelium by various factors, including AVP and AngII,

elicits the production and release of ET-1. The released ET-l may then act, in a

paracrine fashion, on smooth muscle cells underlying endothelial cells (Masaki et

al., 1990). Although there is no direct evidence for the direction of secretion of

endogenous ET-l from the endothelial cell, a greater amount of ET-1 or big ET-1

is likely to be secreted on the basal side of the endothelium than on the apical

side since it was demonstrated that a greater amount of ET-1 and big ET-l could

be detected in the intima of porcine aorta (Kitamura et al., 1990). More direct

evidence for the physiological importance of ET-1 in the maintenance of blood

pressure was demonstrated recently in two patients with malignant

hemangioendothelioma (Yokokawa et al., 1991). These patients presented with

elevated levels of plasma ET-l as well as significant increases in blood pressure.

Following surgical excision of the tumors, both plasma ET-1 and blood pressure

returned to normal levels. In one case, recurrence of the tumor again induced an

elevation of plasma ET-1 and hypertension. Additionally, several investigators

have found significantly higher plasma ET-l levels in chronic renal failure

patients with essential hypertension than in normal subjects. A hemodialyzed

hypertensive group had higher plasma ET-l than the comparable normotensive

group (Saito et al., 1990, Shichiri et al., 1990). However, the importance of the

plasma ET-l level associated with essential hypertension and other

cardiovascular diseases is still the subject of controversy.

Additional evidence supports the idea that ET-1 regulates circulatory

hemodynamics and the responses to alterations in cardiorenal homeostasis in
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human pathologic states. Cernacek et al (1989) reported increased plasma levels

of ET-1 in cardiogenic shock and pulmonary hypertension suggesting that

circulating ET-1 is indeed responsive or conducive to altered cardiovascular

conditions. Increased plasma concentrations of ET-1 have also been noted after

major abdominal surgery (Saito et al., 1989) and in certain pathologic

atherosclerotic states (Dubin et al., 1989, Liischer et al., 1989). Lerman et al (1991)

reported that plasma levels of ET-1 were increased after orthotopic liver

transplantation and that these levels remained increased throughout a 7-day

postoperative period. This increase in plasma ET-1 was also associated with a

significant increase in mean arterial pressure (MAP) which is consistent with a

role for ET-1 in the acute hypertensive response associated with liver

transplantation surgery.

To elucidate the mechanism(s) of hypertension, animal models of experimental

hypertension have proved useful for the study of other vasoactive peptides.

However, the experimental results reported to date are conflicting in regard to

endothelin. For example, although plasma ET-l levels do not increase in

Goldblatt II and spontaneously hypertensive rats (SHR) (Suzuki et al., 1990,

Tomobe et al., 1988), both greater sensitivities and enhanced maximal responses

to ET-l were demonstrated in isolated blood vessels of both groups of rats.

Similarly, a greater reactivity to ET-1 was observed in deoxycorticosterone

acetate-salt (DOCA-salt) hypertensive rats (Catelli deCarvalho et al., 1990).

However, other investigators demonstrate no such difference between SHR and

Wistar-Kyoto (WKY) rats in the sensitivity of aorta to ET-l (Wright et al., 1990,
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Wu et al., 1990), or between Goldblatt II, DOCA-salt hypertensive rats and their

respective controls (Tomobe et al., 1991).

H. Hypotheses

As indicated earlier, investigations describing the pressor effects of

endogenous or exogenously-administered endothelins have provided little

explanation as to the hemodynamic mechanism(s) by which these peptides

produce increases in blood pressure. In vitro data (Yanagisawa et al., 1989,

Ishikawa et al., 1988, Shah et al., 1989) suggest that endothelin‘s potent constrictor

effect on vascular smooth muscle may account for its potent pressor action in viva.

This suggests that the mechanism by which endothelin increases blood pressure

is through an increase in total peripheral resistance (TPR). Likewise, endothelin's

positive inotropic and chronotropic effects suggest that endothelin may increase

arterial pressure by increasing cardiac output (CO) and heart rate (HR). This,

however, does not exclude other possible mechanisms of action.

Application of ET-1, in viva: Associated with the i.v. bolus injection of ET-1 into

rats is an initial transient depressor phase followed by a sustained pressor phase

(Yanagisawa et al., 1988). Preliminary analysis suggests that the initial decrease

in blood pressure is associated with an increase in carotid and hindquarter

vascular conductance, however, this is followed by an intense vasoconstriction in

other resistance vessels such as the renal and mesenteric beds resulting in the

sustained vasoconstriction response. In fact, it has been shown that ET—1

produces a potent renal vasoconstriction in viva (Lippton et al., 1988). Renal
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vasoconstriction may give rise to an increase in renin release and thus increase

blood pressure; however, preliminary reports are disparate as to the actions of

ET-1 on renin release in isolated rat glomeruli (Miller et al., 1989, Banks et al.,

1990). It has been described previously that AngII, aldosterone and AVP animal

models of hypertension are associated with renal sodium retention (Pawloski et

al., 1989, Olsen et al., 1985, Cowley et al., 1976). Renal sodium retention can

increase blood volume and CO and thus elevate arterial pressure. It has also been

shown that acute administration of endothelin can produce prominent decreases

in glomerular filtration rate and renal blood flow (Katoh et al., 1990). Based on

these reports, it is possible that administration of ET-1 to animals will be

accompanied by renal sodium retention. Likewise, any renal actions of ET-1 may

be due to stimulation of the renin-angiotensin system which may contribute to the

peptide's pressor effects.

In terms of central nervous system effects, it was reported that administration

of ET-1 into the lateral ventricle of the brain increases blood pressure (Takahashi

et al., 1988), but controversy exists as to whether ET-1 affects baroreflex function

(Given et al., 1989, Takahashi et al., 1988). Additionally, ganglion-blockade has

been reported to reduce or have no effect on the pressor response to acute ET-l

administration (Given et al., 1989, Hinojosa-Laborde et al., 1989). These results

indicate the possibility for a neural mechanism of action for ET-l’s blood pressure

effects. Likewise, the baroreceptor reflex is normally activated in the presence of

vasoconstrictive agents, due to stretch-sensitive mechanisms, in order to attenuate

their pressor effects. The maximal pressor response to exogenously administered
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ET-1, like other pressor agents, should be attenuated by the baroreceptor reflex.

If intact baroreflex activity is involved in reducing the apparent maximal pressor

response produced during the infusion of ET-1, maximal increases in MAP will

be higher and achieved more quickly in the SAD animals than in control rats

receiving the same dose of ET-1. Alternatively, if ET-l acts on some component

of the baroreflex to increase sympathetic activity, then SAD animals may become

less hypertensive than SHAM-treated rats during the 7-day infusion protocol.

The area postrema is a brainstem region located in close proximity to

numerous medullary structures involved in the control of autonomic neural

activity and blood pressure. Area postrema ablation (APX, Fink et al., 1987) has

been shown to prevent chronic AngII-induced hypertension despite the direct

vasoconstrictive actions of AngII. This finding suggests that AngII-induced

hypertension has a neurogenic component. Furthermore, the area postrema of the

rat has a very high density of AngII binding sites (Saavedra et al., 1986) and ET-l

binding sites (Koseki et al., 1988). It has also been recently shown that iv.

injection of ET-1 in rats activates area postrema neurons while microinjection of

ET-1 into the area postrema results in prompt dose-dependent decreases in MAP

(Ferguson et al., 1989). Thus, ET-l may influence cardiovascular function through

activation of area postrema neurons.

As previously mentioned, increases in plasma ET-l levels have been reported

in patients with essential hypertension (T600°/o), cardiogenic shock (T140070),

patients on chronic dialysis (T400%) and in patients with pulmonary hypertension

(T600%). Again, these data suggest that circulating ET-l concentration is
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responsive to altered cardiovascular conditions. Therefore, administration of ET-1

to animals may demonstrate increased circulating plasma levels of ET-1 that are

physiologically significant. These increases in ET-l immunoreactivity (ET,,) in

plasma samples should demonstrate a strong correlation with increases in MAP

if exogenous ET-l administration displays a steep dose-response curve. Likewise,

increased plasma ET-l concentrations should prove to be physiologically relevant

by exhibiting only slight (femtomolar) increases in ET,r over control plasma levels.

In light of these data, in addition to the in vitro observations described above,

the following hypotheses were addressed in order to further investigate the

hemodynamic actions of the endothelins, particularly ET-1, in the conscious rat

and the possible physiological mechanisms by which this peptide might act or

interact:

1] Acute (bolus), short-term infusion (l-hr) and chronic intravenous infusion

(7-days) administration of endothelin produces a dose-dependent pressor

response which is largely due to an increase in total peripheral resistance.

ET—1 is more potent than ET-3 at producing this pressor response.

2] Endothelin-induced hypertension, produced by chronic infusion, is directly

dependent on sodium intake, and is accompanied by sodium and water

retention.

3] Endothelin and AngII are detectable in the normal rat circulation; exogenous

administration of endothelin, at pressor doses, produces increased circulating

plasma concentrations of both peptides which are physiologically relevant.

4] The baroreceptor reflex attenuates the chronic responses to exogenously

administered endothelin.

5] The area postrema influences the magnitude of the pressor response to

exogenously administered ET-1.

6] Activation of the renin-angiotensin (RAS) system contributes to

endothelin-induced hypertension.



MATERIALS AND METHODS

A. GENERALMEIHQDS

1. Animals

Male Sprague-Dawley rats (300—325 grams) were purchased from

Sasco-King (Madison, WI) and Harlan (Indianapolis, IN). All animals utilized in

this investigation were surgically prepared and chronically maintained according

to protocols approved by the Michigan State University Committee for Animal

Use and Care. Standard steel metabolic cages were used for post-surgical,

long-term animal housing and care in all experiments. Individual rats were

tethered within each cage by use of a steel spring housing with one end of the

spring attached to the cranium with dental acrylic and the other end attached to

a plastic swivel mounted above the cage. This minimal-distress arrangement

allowed the animal free movement within the cage and also allowed for free

access to distilled water from calibrated drinking tubes and to sodium-deficient

rat chow (Teklad, Madison, WI). All animals were sacrificed by iv. bolus

injection of sodium pentobarbital at the end of each experiment.

2. General Surgical Procedures

a. Catheterization: Rats were anesthetized with sodium pentobarbital

(Nembutal’, Abbott Laboratories, Chica 0, IL), 50 m .k '1, i. ., and administered
8 g g P
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atropine sulfate, 0.2 mg, i.p. (Sigma, St. Louis, M0), to prevent bronchial

congestion. Normal body temperature was maintained during anesthesia via a

water-heated dermal pad (Gorman-Rupp, Inc., New York, NY). The animals were

shaved at the top of the head, back of the neck and the inner left leg. Cannulae

were constructed of polyvinyl chloride (Tygon® Microbore, ) tubing with 4.5 cm

silicone rubber tips (Silastic‘, Dow Corning, Midland, MI). The silicone tips were

inserted through a 3.0 cm incision made on the inner left leg for cannulation of

the internal iliac vein and femoral artery; the arterial catheter was sutured to the

leg in a manner preventing occlusion of the catheter during normal rat movement.

Excess catheter was directed subcutaneously and externalized through a 2.5 cm

incision made in the dermis overlying bregma. The cranial incision was made

with a scalpel after which three 0.19" jeweler's screws were attached to the

cranium in a 1.0 cm2 area which encompasses bregma. After externalization, the

catheters were threaded through a metal spring tether (Small Parts, Inc., Miami,

FL). The spring tethers were then permanently attached to the skull with dental

acrylic using the previously attached machine screws as cranial anchors. The

animal were then administered penicillin G, 20,000 U, i.m., allowed to regain

consciousness on the heated pad and placed in a metabolic cage. An i.v. sodium

solution infusion was immediately begun and administered continuously using

an infusion pump (Harvard, South Natick, MA). To maintain patency, the arterial

catheter was filled with a heparinized sucrose solution and occluded when not

in use. Rats were allowed a minimum of three post-surgical recovery days prior

to any experimentation.
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b. Pulsed-Doppler Flaw Probe Implantation: Rats were anesthetized with

halothane (5.0 volume percent in 02 at 1.0 L-min"). An endotracheal tube (4.0

mm CD.) was introduced and halothane anesthesia was continued at 1.5 volume

percent throughout the rest of the surgery. The thorax was shaved and then

cleaned with Betadyne® antiseptic (Purdue Frederick Co., Norwalk, CT). A

rnidline thoracotomy was then performed for implantation of an aortic directional

pulsed-Doppler flow probe (Crystal Biotech, Holliston, MA). Thoracic

musculature was dissected by blunt dissection and small intercostal blood vessels

were cauterized. Prior to incision of the pleura parietalis, the animal was placed

on a respiratory pump (Harvard, South Natick, MA) delivering a mixture of 90%

O, and 1.5 volume percent halothane. The ascending aorta was isolated from

connective tissue to accommodate the flow probe within its silicone cuff. The

probe was then electronically examined for proper placement on the vessel and

adjusted for maximal signal strength. The thorax was closed using nylon suture

(Ethicono Inc., Somerville, NJ). The silver/copper wire probe leads were sutured

and secured to the thoracic musculature and directed subcutaneously around the

thorax and placed within a subcutaneous pocket in the animal's back. The

thoracic dermis was sutured and the animal was administered penicillin G, 20,000

U, i.m. The animals were allowed five days recovery from this procedure prior

to any other intervention. Probe leads were externalized in ensuing

catheterization surgery in the same manner as the cannulae (see a. above).
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c. Sina-Aartic Deafl'erentatian: Animals were anesthetized with sodium

pentobarbital, 50 mg-kg", i.p., and administered atropine sulfate, 0.2 mg, i.p., to

prevent bronchial congestion. After shaving the ventral surface of the neck, a

mid-cervical incision was made in order to expose the left carotid sinus. The

occipital artery, the carotid sinus and the internal and external carotid arteries

were then denervated by mechanical stripping and application of 100% ethanol.

The cervical sympathetic and superior laryngeal nerves were severed. The

procedure was repeated at the right carotid sinus. The animal was then

administered penicillin G, 20,000 U, i.m., and allowed to recover for three weeks

prior to further investigational intervention. Assessment of denervation was as

follows: a positive denervation was described as an animal which had three daily

control MAP measurements with an average standard deviation (SD)

significantly greater (>1.96 S.D.) than that of SHAM-operated animals (SD. =

6310.4 mmHg).

d. Area Postrema Ablation: Surgical ablation of the area postrema (APX) was

performed according to instruction by Dr. M.L. Mangiapane in Groton, CT.

Animals were anesthetized with sodium pentobarbital, 50 mg-kg", i. p. and placed

in a stereotaxic device (David Kopf Instruments, Tujunga, CA). The area

postrema was exposed on the surface of the medulla and impaled by a monopolar

tungsten electrode (A-M Systems, Inc., Everett, WA) through which a total anodal

current of 10 mA for 13 seconds (130 mC) was passed. The animals were
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administered penicillin G, 20,000 U, i.m., and allowed 3 weeks recovery prior to

further experimentation.

Upon completion of the experimental protocol in which this procedure was

used, each animal was anesthetized with sodium pentobarbital, 40 mg-kg“, i.v.

The animal was then exsanguinated by perfusion with 0.9% normal saline

followed by buffered formalin (37% formaldehyde). For assessment of the extent

of APX, the brain was removed, coded and sent to the Pathology Laboratory at

Michigan State University Clinical Center, East Lansing, MI, for preparation of 50

um coronal sections of the medullary region circumscribing and including the

area postrema. Animals included in the final analysis of the data exhibited at

least 90% APX with little or no damage to surrounding tissue structures.

3. MPressureZHeart Rate Measurements

MAP and HR were measured from the arterial catheter using a pressure

transducer (Model P50, Gould, Oxnard, CA) attached to a blood pressure monitor

(Model BP2, Stiemke Inc., New Orleans, LA); a hard copy was simultaneously

produced on a polygraph (Model 7B, Grass Instruments, Quincy, MA). MAP and

CO in sino-aortic denervated (SAD) animals were monitored for 20min using an

Apple II-Plus data acquisition system (Apple Computer Inc., Seattle, WA) and an

analog signal from the Grass polygraph. The acquisition program sampled MAP

and CO as analog signals every ten seconds for 20-min (120 samples). The

program then calculated a mean and standard deviation (SD) of the mean for
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MAP and CO during the 20-min sample period. The obtained standard deviation

value for MAP was used as an indication of blood pressure lability.

4. Measurement of @er Hemodynamic Parameters

Cardiac output (CO) was estimated as blood flow velocity (in kHz) in the

aortic root and recorded on the polygraph using a directional pulsed Doppler

monitor (University of Iowa, Model 545C-3) attached to the implanted flow probe.

The flow probe was implanted at least seven days prior to the beginning of flow

measurements to ensure firm attachment of the relatively rigid probe to the aorta.

Thus, aortic diameter changes under the probe were minimized and flow velocity

should closely parallel absolute changes in CO (minus coronary flow). Such

proportionality, between volume flow and Doppler velocities, has been shown

previously (Haywood et al., 1981).

Total peripheral resistance index (TPR) was calculated using the formula:

TPR (mmHg-kHz") = MAP/CO

Stroke volume index (SV) was calculated using the formula:

SV (kHz-min-beat") = CO/HR

5. MMeasurement Procedures

a. Plasma ET-l Concentration: Briefly, the system utilizes a high specific

activity [1251]ET-1 tracer and a highly specific and sensitive antiserum. ET-1 can

be measured accurately in a range of 025-160 fmol-tube'1 (0.625-40 fmol-ml“) with

a sensitivity of approximately 0.2 fmolotube‘1 (0.5 fmol-ml", 1.2 pgoml"). Recovery



31

has been determined as 49%. Inter-assay variation has been determined as 19.7%.

Intra-assay variation has been determined as 3.5%. Whole blood (2.5 ml) was

collected, through a femoral arterial catheter, into a syringe containing 50 uL of

0.25 M EDTA and 10M E-64 (a cysteine protease inhibitor, Sigma Chemicals, St.

Louis, MO). The sample was then centrifuged at 15,000g for 10-min at 4°C to

separate plasma from cells. A 1.0 ml plasma sample was collected and frozen at

-70°C until extraction could be performed. ET-1 was extracted from plasma using

a commercial kit (Amersham International). Prepared plasma samples were

acidified, passed through methanol/water equilibrated Amersham Amprep"

500mg C2 extraction columns, collected in a methanol eluent and lyophilized in

a centrifugal evaporator. Lyophilized plasma samples were reconstituted in assay

buffer (as provided by Amersham) and analyzed according to the following

radioimmunoassay: to compare plasma sample levels of ET-1, an ET-l standard

curve was prepared in a range from 0.25-16.0 fmol/tube; the system utilizes a

high specific activity [um-endothelin tracer (~41kBq, 1.1uCi). A rabbit antiserum,

highly specific for ET-1 was also used; this antiserum has cross-reactivity with the

following isoforms: ET-2, ~144%; ET-3, ~52%; Big ET-l, <0.4%; VIC, ~100%. After

24-hr incubation of the plasma samples with tracer and antiserum, separation of

the antibody bound fraction from the free fraction was achieved by addition of

a second antibody (donkey-anti-rabbit, containing 0.06% sodium azide). The

samples were then centrifuged at 2000g for 10-min at 4°C, decanted and measured

for radioactivity for l-min using a Micromedic Plus” Automatic Gamma Counter.
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b. Plasma AngII Concentration: Plasma AngII ([AngII],,) concentrations

were determined in 400 pl of EDTA-treated, ethanol-extracted plasma using a

radioimmunoassay system with a sensitivity of approximately 10.0 pg-ml". After

extraction with ethanol, plasma samples were reconstituted in 0.2 ml assay buffer

(pH7.4) containing0.05M tris-(hydroxymethyl)-aminomethane, 0.3% bovine serum

albumin, and 0.2% neomycin sulphate. AngII assay was performed using

”SI-labelled AngII (New England Nuclear, Boston, MA; final concentration:

200,000 cpm-ml") and AngII antiserum (Arnel, New York, NY; final dilution:

1/5000). Samples were then incubated for 24-hr at 4°C. The bound fraction

(supernatant) was separated by addition of dextran-coated charcoal and

centrifugation at 4°C and 3000g. The supernatant was then counted for 1-min

using the automatic gamma counter described above.

c. Plasma Na+ and K+ Concentration: Plasma sodium and potassium (Pu.

and PK) concentrations were determined from 50 ul plasma samples using a

photometric electrolyte analyzer (Model 943, Instrumentation Laboratories Inc.,

Lexington, MA).

d. Urinary Na+ and K” Concentration and Fluid Balance: All animals were

provided with distilled drinking water, ad libitum, through calibrated drinking

tubes for the measurement of daily water/fluid intake (WI). Any infused fluid

volumes administered during the preceding 24-hr period were added to the total

fluid intake volume. Likewise, daily urinary output (UO) was obtained by
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collection of urine into calibrated containers. Daily water balance (WB) was

determined as the difference of these two parameters (WB=WI-UO). Urine

samples were collected daily for determination of urinary sodium (UNaV) and

potassium (UKV) excretion (expressed as ”mEq-day'“ using the photometric

electrolyte analyzer described above.

6. Statistical Analyses All analyses were performed electronically by use of

CRUNCH‘1D statistical analysis software (Version 4.0, Crunch Software Corp.,

Oakland, CA) on a i486-33MHz, co-processor equipped personal computer. Most

results are expressed as meansazSEM. The proposed experiments were designed

for analysis by a repeated measures analysis of variance (ANOVA) with each

factor representing changes in a variable over time. This analysis allowed for the

measurement of probable differences between- and within- treatment groups.

Post-hoc comparisons of independent means were made using the Student

Newman-Keuls test and/or the "protected" least significant difference test.

Similar comparisons for TPR and SV (non-normally distributed variables) were

performed using Friedman's test. Variance homogeneity was tested using the

F—max test. A probability value of less than 0.05 (P<0.05) was considered

statistically significant.
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1. Bohr—SEMMtravenous Infusion of ET-1 29.1.5.3

The specific aim of this set of experiments was to determine the

hemodynamic component(s) involved in the sustained pressor response to the

endothelins and the potency differences between exogenously administered ET-1

and ET-3 (Peninsula Laboratories, Inc., Belmont, CA). Dose-dependency of bolus

and acutely infused endothelins was also assessed.

Bolus injection endothelin experiments. Human-porcine (ET-1) or rat

endothelin (ET-3) [peptide content «818%, sample purity ~99.1%] was dissolved

in sterile 0.9% saline to a concentration of 10.0 nmol-ml'l. This dilution was used

as a stock solution to produce the various concentrations of peptide for bolus

injection. Rats were administered bolus injections of ET-1 at 0.1 (n=6), 0.3 (n=6)

and 1.0 (n=6) nmol-kg“, i.v. or ET-3 at 0.3 (n=4) and 1.0 (n=4) nmol-kg", i.v. The

bolus injections were in total volumes of 0.3 ml and administered in entirety

within 15-sec. Hemodynamics were monitored continuously at the two lower

doses for l-hr while those of the higher dose were monitored for 2-hr.

Acute infusion endothelin experiments. Rats receiving 1-hr (acute) infusions

of endothelin were administered ET-l at 0.003 (n=8), 0.01 (n=14). and 0.03 (n=14)

nmol-kg'1orr1in'1 with a total volume flow rate of 0.0096 mlmin‘1 and were

monitored continuously for 1-hr, thereafter. Similarly, rats received 1-hr infusion

of ET-3 at 0.01 (n=4) and 0.03 (n=4) nmol-kg"-min".

Only one infusion or bolus dose of endothelin was administered to an

individual rat per day. Although no single rat received all injections and
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infusions, each rat received at least a full dose-range of ET-1 or ET-3 by infusion

or injection. Hemodynamic parameters measured included: MAP, HR, CO, SV

and TPR

2. monig Ingavenous Infusion gffllndfilfi

a. Dose-dependency of Endothelin-Hypertension: The specific aim of this

set of experiments was to determine hemodynamic dose-dependency to

chronically infused endothelins. Rats placed on 7-day (chronic) i.v. infusions of

endothelin received ET-l or ET-3 at 0.0, 3.0, 5.0 and 7.5 pmolokg'1-mi11“. MAP,

HR, CO, TPR, SV, WI, UO, UMV and UKV was monitored in all animals. Animals

were monitored for three days prior to endothelin administration and for five

days following endothelin administration. All animals received chronic i.v.

infusions of 6.0 mEq-day‘1 sodium chloride solution at a rate of 5.0 rnl-day'1 for the

entire 15-day protocol since it has been previously shown that an increased salt

intake accelerates the development of hypertension in some animal models of

hypertension (Fink etal., 1987, Pawloski et al., 1990). Blood samples were taken

once during the control period, twice during the endothelin infusion period and

once during the recovery period in order to determine [ET-1],, [AngII],,, [P]Na and

[P110

b. Salt-dependency of Endothelin-Hypertension: The specific aim of this set

of experiments was to determine if endothelin-hypertension is dependent on

sodium-intake. Experiments utilizing the protocol in B.2.a. above were repeated
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using an ET-l infusion rate of 5.0 pmol-kg'1-rr1in‘1 and chronic i.v. infusions of 2.0

mEq-day’1 sodium chloride for the entire 15—day protocol. Hemodynamic as well

as fluid/electrolyte parameters described previously were then assessed between

animal groups receiving 2.0 and 6.0 mEq-day‘1 sodium chloride solution infusions.

c. Plasma hormone concentrations during Endothelin-Hypertension: The

specific aim of this set of experiments was to determine if ET-1 and AngII are

found in the normal rat circulation as well as in increased concentrations in the

ET-l-infused rat in order to elucidate ET—l's actions as a circulating hormone and

its actions on other circulating vasoactive factors. In animals following the

chronic ET-l infusion protocols above, [ET-1],. and [AngII], were determined by

radioimmunoassay as described individually in A.5.a. and A.5.b. above.

d. Endothelin-Hypertension and renal electrolyte/fluid homeostasis: The specific

aim of this set of experiments was to determine if endothelin-hypertension is

accompanied by renal sodium retention. In animals following the chronic ET-l

infusion protocols above, UN,V, UKV, WI, U0, and WB were monitored and

assessed daily throughout the 15-day protocol.

3. Endomelin-Hypertension and mgSympametic Nervous System
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a. Baroreceptor reflex aflerents: The specific aim of this set of experiments

was to determine if the baroreceptor reflex attenuates the pressor response to

exogenously-administered ET—l. Rats underwent sino-aortic denervation (SAD)

or SHAM-operation as described in 2.c. above. Animals were then placed on the

chronic infusion protocol described above. Hemodynamic differences between

SAD animals and SHAM animals were assessed as described in A3. above.

b. Area Postrema ablation: The specific aim of this set of experiments was

to determine if ET-l's comprehensive pressor response is dependent on the

integrity of the area postrema (AP). Rats underwent APX or SHAM-operation as

described in A.2.d. above. The animals were then placed on the chronic infusion

protocol described in B.2.b. above and assessed for differences in their-

hemodynamic responses to chronically infused ET-l. At the end of the

experiment, rat brains were harvested and assessed for the extent of APX as

described in A.2.d. above.

4. Endothelin-Hypertension and _t_h_e_Renin-Angiotensin System

The specific aim of these sets of experiments was to determine if the RAS

system contributes to ET-l-induced hypertension.

a. Chronic intravenous infusion ofangiotensin converting enzyme inhibitors: In

order to elucidate the contributions of AngII synthesis to endothelin-hypertension,

rats were chronically prepared as in A.2.a. above and placed on two chronic i.v.

infusions consisting of a 6.0 mEq-day’1 sodium chloride solution (used as a vehicle
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for the ET-l infusion at 5.0 pmol-kg“-min") and a 5.0% dextrose solution (used as

a vehicle for continuous infusion of the angiotensin I converting enzyme (ACE)

inhibitor captopril ([2S]-1-[3-mercapto-2-methyl-propionyl]- L-proline, Sigma, St.

Louis, M0) at a dose of 0.0 (control) or 1.0 mg-kg’hhr“; these infusions were

maintained throughout the experimental protocol. These experiments were also

performed using the non-sulfhydryl ACE inhibitor, enalapril

((S)-1-[N-[1-(ethoxycarbonyl)-3-phenylpropyl]-L-alanyl]-(Z)-

2-butenedioate-L—proline) at a dose of 2.0 mg-kg‘1-day“. Animals were assessed

for ACE inhibition by i.v. bolus administration of 20.0 ng of Angl.

b. Bolus administration of an AT, receptor antagonist: In order to elucidate

the contributions of AngII at AT, receptors to endothelin-hypertension, rats were

chronically prepared as described in A.2.a. above. Losartan (DuP753), a

nan—peptide, type-1, AnglI receptor antagonist was administered to each rat, once

during the control period, on two days during the ET-l infusion period (DAYS

2-3 and DAYS 4-5 of the ET-l infusion period), and once during the recovery

period at a dose of 3.0 mg~kg", i.v. MAP and HR were measured at 0-, 15-,

30-min, and 1-, 2-, 6- and 24-hr time-points after losartan was administered.

Animals were assessed for AngII receptor blockade by i.v. bolus administration

of 10.0 ng of AnglI.

c. Chronic infusion of AT, receptor antagonist: In order to elucidate the

long-term effects of AngII-receptor antagonism on endothelin-hypertension, rats
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were chronically prepared as described in A.2.a. above. Losartan was

administered daily as a bolus dose of 3.0 mg-kg“, i.v. throughout the 15-day

protocol. MAP, HR, UO, WI, WB, UMV and UKV were measured at 24-hr

intervals. Animals were assessed for AnglI receptor blockade by i.v. bolus

administration of 10.0 ng of AngII.



RESULTS

LJolusandAnfleIntraxenonslnfusionofELLandfilfi

Human endothelin (ET-1) administered as a bolus injection, i.v. Figures 1-5

present the hemodynamic responses to bolus i.v. injections of ET—1 at 0.1 (n=6),

0.3 (n=6) and 1.0 (n=6) nmole-kg". Each dose produced a significant rise in

MAP (Figure 1) and TPR (Figure 3) which was sustained above control for at

least 5-min for the lowest dose and at least 105-min for the highest dose. All

values returned to control levels within 120-min after ET-l injection. CO

(Figure 4) and HR (Figure 2) were only significantly reduced by the highest

dose of ET-1 and SV (Figure 5) was not consistently affected by any close.

Human endothelin (ET-1) administered as an infusion, i.v. Figures 6—10 present

the hemodynamic responses to l-hr i.v. infusions of ET-1 at rates of 0.003

(n=8), 0.01 (n=14) and 0.03 (n=14) nmoleokg'1-rr1in". The animals were also

monitored for 1-hr following cessation of ET-1 infusion. Infusion of ET-1 at

rates of 0.01 and 0.03 nmol-kg"-min‘l resulted in a significant and sustained

rise in MAP (Figure 6) which lasted throughout the infusion period and well

into the recovery period, while only the highest infusion rate resulted in a

sustained increase in TPR (Figure 8) and a sustained decrease in CO (Figure 9)

40
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and HR (Figure 7). Again, SV (Figure 10) was not significantly affected at any

rate of ET-1 infusion.

Rat endothelin (ET-3) administered as a bolus injection, i.v. Figures 11-15

present the hemodynamic responses to bolus i.v. injections of ET-3 at 0.3 (n=4)

and 1.0 (n=4) nmole-kg". Both doses resulted in a significant and sustained

increase in only MAP (Figure 11) and TPR (Figure 13). HR (Figure 12), CO

(Figure 14) and SV (Figure 15) were not significantly affected by either bolus

injection. The pressor responses to ET-3 were also noticeably shorter in

duration when compared to the responses obtained from bolus injection of

ET-1.

Rat endothelin (ET-3) administered as an infusion, i.v. Figures 16-20 present

the hemodynamic responses to l-hr i.v. infusions of ET-3 at rates of 0.01 and

0.03 nmole-kg“-min". Both infusions resulted in a significant and sustained

increase in MAP (Figure 16) and TPR (Figure 18) which lasted well into the

l-hr recovery following cessation of the infusion. Again, as with the bolus

injections of ET-3, HR (Figure 17), CO (Figure 19) and SV (Figure 20) were not

significantly affected by either infusion. The pressor responses to ET-3 were

also shorter in duration as compared to the responses obtained from infusion

of ET-1.

Comparison of hemodynamic eflects of ET-1 and ET-3. Comparison of the

maximal pressor changes induced by a bolus injection or infusion of ET-1 or

ET-3 (Figure 21) reveals that there is no statistically significant difference in

the efiicacies of the two peptides. Similarly, comparison of the times of onset of
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the maximal pressor responses (Figure 22) to either peptide shows that there

is no statistically significant difference between ET-l or ET-3 as either a bolus

injection or infusion. However, comparison of the durations of the pressor

responses induced by either peptide (Figure 23) reveals that ET-3 has a

significantly shorter duration of action compared to the responses obtained by

injection or infusion of ET-1. The doses of endothelin used in these

experiments are comparable to those doses described in the existing literature

(6, 8, 12, 14, 16). Preliminary experiments suggested that the highest doses

and infusion rates used in these experiments were indeed "maximal" in viva

doses, since attempts to increase the dose by a factor of three in several rats

proved uniformly lethal.
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Figure 1. Mean arterial blood pressure responses to bolus injection of ET-1 at

doses of 0.1, 0.3, and 1.0 nmol-kg", i.v. (n=6 for all groups). Asterisks indicate

significant difference (P<0.05) from control measurement at 0 minutes. Error bars

represent SEM.
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Figure 2. Heart rate responses to bolus injection of ET-1 at doses of 0.1, 0.3, and

1.0 nmolokg", i.v. (n=6 for all groups). Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 3. Changes in total peripheral resistance (expressed as peripheral

resistance units, PRU [see text]) in response to bolus injection of ET-1 at doses of

0.1, 0.3, and 1.0 nmol-kg", i.v. (n=6 for all groups). Asterisks indicate significant

difference (P<0.05) from control measurement at 0 minutes. Error bars represent

SEM.
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Figure 4. Changes in cardiac output in response to bolus injection of ET-1 at

doses of 0.1, 0.3, and 1.0 nmol-kg“, i.v. (n=6 for all groups). Asterisks indicate

significant difference (P<0.05) from control measurement at 0 minutes. Error bars

represent SEM.
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Figure 5. Changes in stroke volume (expressed as stroke volume units, SVU [see

text]) in response to bolus injection of ET-1 at doses of 0.1, 0.3, and 1.0 nmol~kg“,

i.v. (n=6 for all groups). Asterisks indicate significant difference (P<0.05) from

control measurement at 0 minutes. Error bars represent SEM.
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Figure 6. Mean arterial pressure responses to l-hr acute infusions of ET-1 at dose

rates of 0.003 (n=8), 0.010 (n=14), and 0.030 (n=14) nmol-kg"-min", i.v. Infusions

were discontinued at the 60-min time point (solid vertical line) and the animals

were monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 7. Heart rate responses to 1-hr acute infusions of ET—1 at dose rates of

0.003 (n=8), 0.010 (n=14), and 0.030 (n=14) nmol-kg"-min“, i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 8. Changes in total peripheral resistance in response to l-hr acute infusions

of ET-1 at dose rates of 0.010 (n=6), and 0.030 (n=6) nmol-kg"-rnin", i.v. Infusions

were discontinued at the 60-min time point (solid vertical line) and the animals

were monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 9. Changes in cardiac output in response to l-hr acute infusions of ET-1

at dose rates of 0.010 (n=6), and 0.030 (n=6) nmol-kg"-min", i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 10. Changes in stroke volume in response to 1-hr acute infusions of ET-1

at dose rates of 0.010 (n=6), and 0.030 (n=6) nmol-kg“-min", i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 11. Mean arterial pressure responses to bolus injection of ET-3 at doses

of 0.03 (n=4), and 1.0 (n=4) nmol~kg", i.v. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 12. Heart rate responses to bolus injection of ET-3 at doses of 0.3 (n=4)

and 1.0 (n=4) nmol-kg", i.v. Asterisks indicate significant difference (P<0.05) from

control measurement at 0 minutes. Error bars represent SEM.
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Figure 13. Changes in total peripheral resistance in response to bolus injection

of ET-3 at doses of 0.3 (n=4) and 1.0 (n=4) nmol-kg", i.v. Asterisks indicate

significant difference (P<0.05) from control measurement at 0 minutes. Error bars

represent SEM.
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Figure 14. Changes in cardiac output in response to bolus injection of ET-3 at

doses of 0.3 (n=4) and 1.0 (n=4) nmol-kg", i.v. Asterisks indicate significant

difference (P<0.05) from control measurement at 0 minutes. Error bars represent

SEM.
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Figure 15. Changes in stroke volume in response to bolus injection of ET-3 at

doses of 0.3 (n=4) and 1.0 (n=4) nmolokg“, i.v. Asterisks indicate significant

difference (P<0.05) from control measurement at 0 minutes. Error bars represent

SEM.
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Figure 16. Mean arterial pressure responses to 1-hr acute infusions of ET-3 at

dose rates of 0.010 (n=4) and 0.030 (n=4) nmol-kg“-min“, i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 17. Heart rate responses to l-hr acute infusions of ET-3 at dose rates of

0.010 (n=4), and 0.030 (n=4) nmol-kg"-min“, i.v. Infusions were discontinued at

the 60-min time point (solid vertical line) and the animals were monitored for an

additional hour. Asterisks indicate significant difference (P<0.05) from control

measurement at 0 minutes. Error bars represent SEM.



6O

 

70-

co}-

20--

T
o
t
a
l

P
e
r
i
p
h
e
r
a
l

R
e
s
i
s
t
a
n
c
e
(
P
R
U
)

S

\

  l L 1 l 1 i l L

I I I I I

 

 

A 0.010 nmoI/kg/min (n=4)

I 0.030 nmoI/kg/min (n=4)

  

l l l   0
- 10 0 ‘IO 20 .30 40 50 60 70

TIME (minutes)

Figure 18. Changes in total peripheral resistance in response to 1-hr acute

100 110 120 130

infusions of ET-3 at dose rates of 0.010 (n=4) and 0.030 (n=4) nmol'kg‘1-min‘, i.v.

Infusions were discontinued at the 60—min time point (solid vertical line) and the

animals were monitored for an additional hour. Asterisks indicate significant

difference (P<0.05) from control measurement at 0 minutes. Error bars represent

SEM.
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Figure 19. Changes in cardiac output in response to 1-hr acute infusions of ET-3

at dose rates of 0.010 (n=4) and 0.030 (n=4) nmol-kg"-min°‘, i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 20. Changes in stroke volume in response to 1-hr acute infusions of ET-3

at dose rates of 0.010 (n=4) and 0.030 (n=4) nmol°kg"cmin", i.v. Infusions were

discontinued at the 60-min time point (solid vertical line) and the animals were

monitored for an additional hour. Asterisks indicate significant difference

(P<0.05) from control measurement at 0 minutes. Error bars represent SEM.
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Figure 21. Maximal increases in mean arterial pressure elicited by bolus

injection or acute infusion of ET-1 or ET-3. Asterisks indicate significant

difference (P<0.05) between individual paired groups. When administered as

either a bolus injection (0.3 and 1.0 nmol-kg") or an infusion (0.01 and 0.03

nmolkg'l-min"), ET-1 and ET-3 are not significantly different in terms of the

maximal increases in MAP that they elicit, suggesting similar efficacies. Error

bars represent SEM.
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Figure 22. Onset times of maximal increases in mean arterial pressure elicited

by bolus injection or acute infusion of ET-1 or ET-3. Asterisks indicate significant

difference (P<0.05) between individual paired groups. When administered as

either a bolus injection (0.3 and 1.0 nmol-kg") or an infusion (0.01 and 0.03

nmol-kg".min’1), ET-1 and ET-3 are not significantly different in terms of the onset

times of maximal increases in MAP that they elicit, again suggesting similar

efficacies. Error bars represent SEM.
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Figure 23. Durations of significant increases in mean arterial pressure elicited

by bolus injection or acute infusion of ET-1 or ET-3. Asterisks indicate significant

difference (P<0.05) between individual paired groups. Comparison of the

durations of the blood pressure responses elicited by bolus injection (0.3 and 1.0

nmol-kg") or infusion (0.01 and 0.03 nmol-kg".n1in") of either peptide, reveals that

ET-3 is significantly (p<0.05) less potent than ET-l. Error bars represent SEM.
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a. Dosefiegndengy of Endothelin-Hypertension Initial experiments were

performed in rats without aortic flow probes to determine the chronic

ET-l /arterial pressure dose-response relationship. Figure 24 illustrates the

results of these experiments. Chronic infusion of ET-1 produced dose-

dependent increases in MAP which were readily reversible upon termination

of the infusion. The infusion of ET-1 at 7.5 pmol-kg"-min‘1 caused a 60%

mortality within a few days; thus, higher rates were not employed.

Subsequent studies with ET-l were performed using an infusion rate of 5

pmol-kg'1-min'1. Figures 25-32 present the hemodynamic and body fluid

responses to a fifteen day infusion regimen which included seven days of i.v.

infusion of ET-1 at a rate of 5.0 pmol-kg‘1-min’1 (n=7). Infusion of ET-1 at this

rate produced a statistically significant increase in MAP (26%, P<0.05,

Figure 25). This appeared to be due to statistically insignificant increases in

TPR (16%, Figure 27) and CO (11%, (Figure 28), whereas SV (Figure 29), UNaV

(Figure 31), UKV (Figure 32) and WB (Figure 30) remained unchanged

throughout the infusion period. HR (Figure 26) was significantly decreased

on the first day after starting the ET-l infusion and a significant tachycardia

occurred following termination of the infusion. Increases in MAP reached a

plateau by the end of the first day of ET-1 infusion and returned to baseline

levels only after the infusion was discontinued. We observed. no

tachyphylaxis of the MAP response to ET-l or ET-3 at any time during the

infusion period.
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Figures 33-40 present the hemodynamic responses from similar

experiments using ET-3. The peptide was infused for a 7-day period at a rate

of 7.5 pmol-kg'1-min'1 (n=5). Compared to values obtained during infusion of

ET—1, ET-3 infusion at this higher molar dose produced only a 15.8% increase

in MAP (P<0.05, Figure 33) which appeared to be primarily due to a

statistically insignificant increase in TPR (12.4%, Figure 35). CO (Figure 36)

actually decreased 3% (not statistically significant) during the infusion period.

ET-3 infusion did not alter HR (Figure 34), SV (Figure 37), UNaV (Figure 39),

UKV (Figure 40) or WB (Figure 38). Increases in MAP reached their maximum

levels after the second day of ET-3 infusion. Again, tachyphylaxis to the

pressor responses to ET-3 was not noted at any time during the infusion

period.
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Figure 24. Mean arterial pressure responses to 7-day chronic infusions of ET-1

at dose rates of 3.0 (n=8), 5.0 (n=7) and 7.5 (n=3) pmol-kg‘1-min", i.v. MAP at all

doses of ET-1 was significantly elevated during the ET-l infusion period as

compared to control measurements. C1-C3, control days; E1-E7, ET-l infusion

days; R1-R5, recovery days [see text].
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Figure 25. Mean arterial pressure responses to 7-day chronic infusion of ET-1

at a dose rate of 5.0 pmolokg'1-min“, i.v. (n=7). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; R1-R5, recovery days [see text].
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Figure 26. Heart rate responses to 7-day chronic infusion of ET—1 at a dose rate

of 5.0 pmol-kg'lomin", i.v. (n=7). Asterisks indicate significant difference (P<0.05)

from control day measurements. C1-C3, control days; E1-E7, ET—l infusion days;

R1-R5, recovery days [see text].
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Figure 27. Changes in total peripheral resistance in response to 7-day chronic

infusion of ET-1 at a dose rate of 5.0 pmol-kg“min", i.v. (n=7). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 28. Changes in cardiac output in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol'ng-min", i.v. (n=7). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1—C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 29. Changes in stroke volume in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg"-min", i.v. (n=7). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; R1-R5, recovery days [see text].
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Figure 30. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg‘lmin", i.v. (n=7). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 31. Changes in urinary sodium excretion in response to 7-day chronic

infusion of ET-1 at a dose rate of 5.0 pmol-kg"-min", i.v. (n=7). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 32. Changes in urinary potassium excretion in response to 7-day chronic

infusion of ET-1 at a dose rate of 5.0 pmolokg"-min“, i.v. (n=7). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 33. Mean arterial pressure responses to 7—day chronic infusion of ET-3

at a dose rate of 7.5 pmol-kg“-min“, i.v. (n=5). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-1 infusion days; Rl-RS, recovery days [see text].
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Figure 34. Heart rate responses to 7-day chronic infusion of ET-3 at a dose rate

of 7.5 pmol-kg'1'min", i.v. (n=5). Asterisks indicate significant difference (P<0.05)

from control day measurements. C1-C3, control days; E1-E7, ET-l infusion days;

R1-R5, recovery days [see text].
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Figure 35. Changes in total peripheral resistance in response to 7-day chronic

infusion of ET-3 at a dose rate of 7.5 pmol-kg’1-min", i.v. (n=5). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-1 infusion days; Rl-RS, recovery days [see text].
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Figure 36. Changes in cardiac output in response to 7-day chronic infusion of

ET-3 at a dose rate of 7.5 pmol-kg‘1-min", i.v. (n=5). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; R1-R5, recovery days [see text].
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Figure 37. Changes in stroke volume in response to 7-day chronic infusion of

ET-3 at a dose rate of 7.5 pmol.kg"-min", i.v. (n=5). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 38. Changes in water balance in response to 7-day chronic infusion of

ET-3 at a dose rate of 7.5 pmol-kg‘1omin“, i.v. (n=5). Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1—E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 39. Changes in urinary sodium excretion in response to 7—day chronic

infusion of ET-3 at a dose rate of 7.5 pmol-kg"min", i.v. (n=5). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-l infusion days; R1-R5, recovery days [see text].
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Figure 40. Changes in urinary potassium excretion in response to 7-day chronic

infusion of ET-3 at a dose rate of 7.5 pmolokg'1-min", i.v. (n=5). Asterisks indicate

significant difference (P<0.05) from control day measurements. C1-C3, control

days; E1-E7, ET-l infusion days; Rl-RS, recovery days [see text].
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b. Salt-demndency of Endothelin-Hymrtension Cardiovascular data from

these experiments are summarized in Figures 41-48. Continuous, seven-day,

i.v. infusion of ET-1 at a rate of 5.0 pmol-kg"-min’1 produced significant,

sustained and reversible increases (~25.1%) in MAP (Figure 41) in high salt

infused (6.0 mquday", HS) rats (n=12). Maximal increases in MAP were

attained within 24 hrs after initiation of ET-1 infusion; tachyphylaxis was not

observed throughout the ET-l infusion period. In agreement with previous

findings, the increase in MAP was primarily the result of an increased TPR

(~17.8%, Figure 43) during ET-l infusion, since SV (Figure 45) and CO

(Figure 44) were not significantly affected. The increased MAP in HS rats

receiving ET-1 was also associated with transient bradycardia; likewise, the fall

in MAP on termination of the ET-l infusion produced transient tachycardia

(Figure 42). Infusion of ET-1 in HS rats produced no significant changes in

WB (Figure 46), UN,V (Figure 47) or UKV (Figure 48). Plasma electrolytes

(control values: PM, 143.6147; PK, 4.12:0.14) also were not affected by ET-l

infusion (data not shown). In contrast, infusion of ET-1 at 5.0 pmol-kg‘Hnin’1

into normal salt infused (2.0 mEq-day", NS) rats (n=7) produced no significant

changes in any cardiovascular or urinary variable (Figures 41-48). Both NS

(n=5) and HS (n=7) rats not receiving ET-l (controls) exhibited stable values

for all measured variables throughout the fifteen day protocol. No significant

differences between the control NS and HS groups were found for any

variable except urinary sodium excretion (a reflection of sodium intake).
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Figure 41. Mean arterial pressure responses to 7-day chronic infusion of ET-1

at a dose rate of 0.0 or 5.0 pmol-kg’1-min", i.v. in rats on either a high sodium

(HS) or normal sodium (NS) intake. Asterisks indicate significant difference

(P<0.05) from control day measurements. C1-C3, control days; E1-E7, ET-l

infusion days; R1-R5, recovery days [see text].
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Figure 42. Heart rate res nses to 7-day chronic infusion of ET-1 at a dose rate

of 0.0 or 5.0 pmolokg'l-min‘ , i.v. in rats on either a high sodium (HS) or normal

sodium (NS) intake. Asterisks indicate significant difference (P<0.05) from control

day measurements. C1—C3, control days; E1-E7, ET-l infusion days; R1-R5,

recovery days [see text].
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Figure 43. Changes in total peripheral resistance in response to 7-day chronic

infusion of ET-1 at a dose rate of 0.0 or 5.0 pmol-kg'1-min", i.v. in rats on either

a high sodium (HS) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; R1-R5, recovery days [see text].
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Figure 44. Changes in cardiac output in response to 7~day chronic infusion of

ET-1 at a dose rate of 0.0 or 5.0 pmol-kg‘1-min“, i.v. in rats on either a high

sodium (H5) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 45. Changes in stroke volume in response to 7-day chronic infusion of

ET-1 at a dose rate of 0.0 or 5.0 pmol-kg'1-min", i.v. in rats on either a high

sodium (HS) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; R1-R5, recovery days [see text].
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Figure 46. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 0.0 or 5.0 pmol-kg".rriin“, i.v. in rats on either a high

sodium (HS) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 47. Changes in urinary sodium excretion in response to 7—day chronic

infusion of ET—1 at a dose rate of 0.0 or 5.0 pmolokg'1-min“, i.v. in rats on either

a high sodium (HS) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 48. Changes in urinary potassium excretion in res onse to 7-day chronic

infusion of ET-1 at a dose rate of 0.0 or 5.0 pmol-kg“-min’ , i.v. in rats on either

a high sodium (HS) or normal sodium (NS) intake. Asterisks indicate significant

difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,

ET-l infusion days; Rl-RS, recovery days [see text].
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a. Baroreceptor reflex afferents: Infusion of ET-1 into baroreceptor-intact rats,

at a rate of 5.0 pmol-kg'1omin", produced a sustained increase in MAP

(Figure 49), averaging +17 mmHg, without affecting blood pressure lability

(Figure 50). In SAD rats, ET-l produced a much larger (P<0.05) sustained

increase in MAP (Figure 49), averaging +57 mmHg, without further increasing

lability (Figure 50). Daily HR (Figure 51), WE (Figure 52), UNaV (Figure 53)

and UKV (Figure 54) measurements were not consistently different between the

two groups at any time during the protocol. Plasma ET-l concentrations,

measured by radioimmunoassay (RIA), were significantly different between

the intact and SAD rats only during the initial control period (C3, Figure 55).

Compared to their own controls, measurements obtained on day C3, infusion

of ET-1 at 5.0 pmol-kg'l-min‘1 produced significant (P<0.05) increases in

circulating plasma levels of ET-1 only in SAD rats (days E3 and E7); these

values were not significantly different from control values obtained for intact

rats.

The commercially available radioimmunoassay was consistently unreliable

in terms of inter- and intra-assay variability and standard curve

reproducibility. Additionally, the methodology of extraction was unsuited for

the measurement of ET-1 in plasma due to consistent loss of measurable

protein. These problems may help to explain the differences in [ET-1P]

between the rat groups during the control period.
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Figure 49. Mean arterial pressure responses to 7-day chronic infusion of ET-1

at a dose rate of 5.0 pmol-kg'1orriin", i.v. in normal (SHAM, n=5) or sino-aortic

denervated (SAD, n=8) rats. Asterisks indicate significant difference (P<0.05) from

control day measurements. Crosses indicate significant difference from daily

paired group measurements. C1-C3, control days; E1-E7, ET-l infusion days;

R1-R5, recovery days [see text]. _
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Figure 50. Blood pressure lability was determined daily by computer-aided

sampling and averaging to obtain a standard deviation of mean arterial pressure

(SDEV). SAD rats (SDEVz14mmHg, top panel) demonstrated a consistently

higher SDEV of MAP compared to SHAM rats (SDEVz7mmHg, bottom panel)

throughout the fifteen day protocol. Standard deviations are displayed with

upper and lower 95% confidence limits. C1-C3, control days; E1-E7, ET-l infusion

days; R1-R5, recovery days [see text].
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Figure 51. Heart rate responses to 7-day chronic infusion of ET-1 at a dose rate

of 5.0 pmol-kg"min“, i.v. in normal (SHAM, n=5) or sino-aortic denervated (SAD,

n=8) rats. Asterisks indicate significant difference (P<0.05) from control day

measurements. Crosses indicate significant difference from daily paired group

measurements. C1-C3, control days; E1-E7, ET-l infusion days; Rl-RS, recovery

days [see text].
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Figure 52. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg'1-min", i.v. in normal (SHAM, n=5) or

sino-aortic denervated (SAD, n=8) rats. Asterisks indicate significant difference

(P<0.05) from control day measurements. Crosses indicate significant difference

from daily paired group measurements. C1-C3, control days, E1-E7,ET-1 infusion

days; Rl-RS, recovery days [see text].
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Figure 53. Changes in urinary sodium excretion in response to 7-day chronic

infusion of ET-1 at a dose rate of 5.0 pmol~kg"-min“, i.v. in normal (SHAM, n=5)

or sino-aortic denervated (SAD, n=8) rats. Asterisks indicate significant difference

(P<0.05) from control day measurements. Crosses indicate significant difference

from daily paired group measurements. C1-C3, control days; E1-E7,ET-1 infusion

days; Rl-RS, recovery days [see text].
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Figure 54. Changes in urinary potassium excretion in response to 7—day chronic

infusion of ET-1 at a dose rate of 5.0 pmol-kg‘1-min", i.v. in normal (SHAM, n=5)

or sino-aortic denervated (SAD, n=8) rats. Asterisks indicate significant difference

(P<0.05) from control day measurements. Crosses indicate significant difference

from daily paired group measurements. C1-C3, control days; E1-E7, ET-l infusion

days; R1-R5, recovery days [see text]. .
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Figure 55. Changes in plasma ET—l concentration, [ET-1],» in response to 7-day

chronic infusion of ET-1 at a dose rate of 5.0 pmol-kg“-min", i.v. in normal

(SI-LAM, n=5) or sino-aortic denervated (SAD, n=7) rats. [ET-1]” was measured

once during the control period (C3), twice during the ET-l infusion period (E3

and E7) and once during the recovery period (R4). [ET-1]P was significantly

higher in SHAM rats during the control period (~3x) and was not significantly

effected by ET-l infusion. [ET-1]P in SAD rats, however, was significantly

elevated (~3x) in response to ET-l infusion and was reversible upon cessation of

the infusion during the recovery period. (+) and (*) indicate significant difference

from SAD control value.
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b. Area Postrema ablag'on: Endothelin-hypertension was not altered by

APX. As shown in Figure 56, during the ET-l infusion period, mean arterial

pressures in APX rats were not significantly different from those of SHAM

rats. Additionally, Figures 57, 58, and 59 demonstrate that this absence of an

altered MAP was observed despite significant but inconsistent changes in HR,

water balance and potassium excretion, respectively. Sodium excretion

(Figure 59) remained unchanged throughout the protocol in both groups and

was not altered by ET-l infusion or area or APX.
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Figure 56. Mean arterial pressure responses to 7—day chronic infusion of ET-1

at a dose rate of 5.0 pmol-kg'1-min", i.v. in normal (ET-SHAM, n=11) or area

postrema ablated (ET-APX, n=8) rats. Mean arterial pressure was significantly

elevated, compared to control day measurements, in both groups of animals

throughout the ET-l infusion period. Asterisks indicate significant difference

(P<0.05) from daily paired group measurements. C1-C3, control days; E1-E7, ET-l

infusion days; R1-R5, recovery days [see text].
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Figure 57. Heart rate responses to 7-day chronic infusion of ET—1 at a dose rate

of 5.0 pmol-kg'l-min“, i.v. in normal (ET-SHAM, n=11) or area postrema ablated

(ET-APX, n=8) rats. Asterisks indicate significant difference (P<0.05) from daily

paired group measurements. C1—C3, control days; E1-E7, ET-l infusion days;

Rl-RS, recovery days [see text].
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Figure 58. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg‘bmin", i.v. in normal (ET-SHAM, n=11) or area

postrema ablated (ET-APX, n=8) rats. Asterisks indicate significant difference

(P<0.05) from daily paired group measurements. C1-C3, control days; E1-E7, ET-l

infusion days; R1-R5, recovery days [see text].
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Figure 59. Changes in urinary sodium and potassium excretion in response to

7-day chronic infusion of ET-1 at a dose rate of 5.0 pmol-kg"-min", i.v. in normal

(ET-SHAM, n=11) or area postrema ablated (ET-APX, n=8) rats. Asterisks indicate

significant difference (P<0.05) from daily paired group measurements. C1-C3,

control days; E1-E7, ET-l infusion days; R1-R5, recovery days [see text].
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a. Chronic infusion of angiotensin converting enzyme inhibitors: Figures 60—

63 demonstrate that i.v. infusion of ET-1, alone (n=7), at 5.0 pmol-kg'1-min'l

produced a significant increase in MAP that was sustained throughout the

ET-l infusion period (days El-E 7) and was reversible upon cessation of ET-1

infusion (day R1) (Figure 60). As shown earlier, the onset (day E1) and

regression (day R1) of ET-1 hypertension were accompanied by brief and

statistically insignificant reflex bradycardia and tachycardia (Figure 61),

respectively. Sodium, potassium and water retention were not observed in

this hypertensive model since water balance (Figure 62) and electrolyte

excretions (Figure 63) were maintained at steady state throughout the protocol.

Addition of captopril to the chronic infusion regimen inhibited the

development of endothelin-hypertension (Figure 60). This group of animals

(n=8), however, did not exhibit the transient HR changes observed in the

animals administered ET-l alone (Figure 61). The captopril-treated animals

also demonstrated no significant changes in fluid (Figure 62) or electrolyte

balance (Figure 63) throughout the protocol. Additionally, use of the

non-sulfhydryl, ACE inhibitor enalapril yielded a similar preventive action

against the development and maintenance of endothelin-hypertension

(Figure 60, n=6).

In another group of animals, infusion of ET-1 at 5.0 pmol-kg"-imin'1

similarly produced a significant and sustained rise in MAP but produced no

statistically significant alterations in plasma AngII levels, [AngII]P (Figure 64).
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Figure 60. Mean arterial pressure responses to 7—day chronic infusion of ET-1

at a dose rate of 5.0 pmol-kg"-min“, i.v. in rats receiving ET-l alone (n=7), ET-1

and captoprfl (n=8), or ET-1 and enalaprfl (n=6). Asterisks indicate significant

difference (P<0.05) from control period measurements. C1-C3, control days;

E1-E7, ET-l infusion days; Rl-RS, recovery days [see text].
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Figure 61. Heart rate responses to 7-day chronic infusion of ET—1 at a dose rate

of 5.0 pmol-kg’lomin“, i.v. in rats receiving ET-l alone (n=7), ET-1 and captopril

(n=8), or ET-1 and enalapril (n=6). Asterisks indicate significant difference

(P<0.05) from control period measurements. C1-C3, control days; E1-E7, ET-l

infusion days; R1-R5, recovery days [see text].
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Figure 62. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg'l-min", i.v. in rats receiving ET-l alone (n=7),

ET-1 and captopril (n=8), or ET-1 and enalapril (n=6). Asterisks indicate

significant difference (P<0.05) from control period measurements. C1-C3, control

days; E1-E7, ET-1 infusion days; R1-R5, recovery days [see text].
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Figure 63. Changes in urinary sodium and potassium excretion in response to

7-day chronic infusion of ET-1 at a dose rate of 5.0 pmol-kg“.mi11“, i.v. in rats

receiving ET-l alone (n=7), ET-1 and captopril (n=8), or ET-1 and enalapril (n=6).

Asterisks indicate significant difference (P<0.05) from control period

measurements. C1-C3, control days; E1-E7, ET-l infusion days; R1-R5, recovery

days [see text].
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(vertical bars) in response to 7-day chronic infusion of ET-1 at a dose rate of 5.0

pmolokg'1-min", i.v. in rats receiving ET-l alone (n=4). Asterisks indicate

significant difference (P<0.05) from control period measurements. C1-C3, control

days; E1-E7, ET-l infusion days; R1—R5, recovery days [see text].
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b. Bolus and chronic infusion administration .o_far_1_AI,_receptor antagonist

Bolus losartan administration: In the first set of experiments, losartan, at a

dose of 3.0 mg-kg", i.v. was administered to each rat, once during the control

period, on two separate days during the ET-l infusion period (DAYS 2-3 and

DAYS 4-5 of the ET-l infusion period), and once during the recovery period.

MAP and HR were measured at 0-, 15-, and 30- min, and 1-, 2-, 6- and 24-hr

time-points after losartan was administered. Figure 65 and Figure 66

demonstrate the results of losartan administration during these four days. The

seven bars for each day represent the time course of measurement from

control to 24-hr after losartan treatment. ET I and ET II represent the two

days of losartan administration during which animals were also receiving

endothelin. As shown in Figure 65, MAP was significantly elevated during

the ET-l infusion period, as shown by the control bars. Though losartan

administration had little effect on normal resting pressure during the control

and recovery periods, losartan was able to produce significant reductions in

MAP for periods up to 24- hr after administration during

endothelin-hypertension. On each of these two days, a significant fall in MAP

was observed as soon as 30-min after dosing and a maximal decrease was

achieved approximately 6-hr after losartan was given. There were no

significant effects of bolus losartan treatment on HR throughout the protocol

(Figure 66). 1

Chronic losartan administration: Unpublished results from this laboratory

demonstrated that losartan's antagonist action at AT1 receptors are sustained
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for periods up to two to three days. We, therefore, administered losartan once

a day throughout the same 15-day protocol, described previously, as a bolus

dose of 3.0 mg-kg“-day". In addition, bolus administration of pressor doses

of AngII at various days throughout the protocol failed to produce a pressor

response in animals administered losartan at the dose above; again assuring

complete AT1 receptor blockade.

Figure 67 demonstrates the blood pressure response to seven days of ET-1

infusion at a rate of 5.0 pmolokg"-min’1 (solid squares, n=6). Again, ET-l

produces a sustained and reversible increase in MAP upon continuous

infusion. When continuous losartan is added to the protocol regimen, solid

triangles (n=6), there is no longer an anti-hypertensive action of losartan on

endothelin-hypertension, as was observed in the previous experiment during

shorter time interval measurements. HR (Figure 68), WE (Figure 69), UNaV

(Figure 70) and UKV (Figure 70) were also examined and also were not

consistently altered by this treatment protocol.
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Figure 65. Mean arterial pressure responses to 7-day chronic infusion of ET-1

at a dose rate of 5.0 pmol-kg'1-min", i.v. in rats receiving losartan at a bolus dose

of 3.0 mg-kg“, i.v. Asterisks indicate significant difference (P<0.05) from

individual daily control period measurements. Losartan was administered to each

rat, once during the control period, on two days during the ET-l infusion period

(DAYS 2-3 [B I] and DAYS 45 [E II] of the ET-l infusion period), and once during

the recovery period. After losartan administration, MAP was continuously

monitored for the time periods indicated.
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Figure 66. Heart rate responses to 7-day chronic infusion of ET-1 at a dose rate

of 5.0 pmol-kg'1omin", i.v. in rats receiving losartan at a bolus dose of 3.0 mg-kg“,

i.v. Asterisks indicate significant difference (P<0.05) from individual daily control

period measurements. Losartan was administered to each rat, once during the

control period, on two days during the ET-l infusion period (DAYS 2-3 [B I] and

DAYS 4-5 [E II] of the ET-l infusion period), and once during the recovery period.

After losartan administration, HR was continuously monitored for the time

periods indicated.
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Figure 67. Mean arterial pressure responses to 7-day chronic infusion of ET-1

at a dose rate of 5.0 pmol-kg'1-rnin", i.v. in rats receiving ET-l alone (n=6) or ET-1

and losartan (n=6). Asterisks indicate significant difference (P<0.05) from daily

paired group measurements. C1-C3, control days; E1-E7, ET-l infusion days;

Rl-RS, recovery days [see text].
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Figure 68. Heart rate responses to 7-day chronic infusion of ET—1 at a dose rate

of 5.0 pmolokg'1-min", i.v. in rats receiving ET-l alone (n=6) or ET-1 and losartan

(n=6). Asterisks indicate significant difference (P<0.05) from daily paired group

measurements. C1-C3, control days; E1-E7, ET-l infusion days; Rl-RS, recovery

days [see text].
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Figure 69. Changes in water balance in response to 7-day chronic infusion of

ET-1 at a dose rate of 5.0 pmol-kg’1-rr1in“, i.v. in rats receiving ET—l alone (n=6) or

ET-1 and losartan (n=6). Asterisks indicate significant difference (P<0.05) from

daily paired group measurements. C1-C3, control days; E1—E7, ET-l infusion

days; R1-R5, recovery days [see text].
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Figure 70. Changes in urinary sodium excretion in response to 7-day chronic

infusion of ET-1 at a dose rate of 5.0 pmol-kg"-min", i.v. in rats receiving ET-l

alone (n=6) or ET-1 and losartan (n=6). Asterisks indicate significant difference

(P<0.05) from daily paired group measurements. C1-C3, control days; E1-E7, ET-l

infusion days; R1-R5, recovery days [see text].



DISCUSSION

A. Cardiovascular Responses to Bolus and Acute Infusions of the Endothelins

Rat sequence endothelin (ET-3) has been shown to be similar to human

sequence endothelin (ET-1) except for six NHz-terminal amino acid substitutions,

three of which are substitutions by chemically similar amino acid residues.

Yanagisawa et al., (1988) demonstrated that ET-3 constricted rat aortic strips with

less potency than does ET-1 and that, more importantly, the decay of the coronary

pressor effect of ET-3 was much more rapid than that of ET—1. Their biochemical

reasoning as to why ET—3 is less potent than ET-1 was based on the fact that ET-3

is chemically more polar than ET-l because of the presence of a charged lysine,

which replaces a hydrophobic methionine found in ET-l. This substitution may

render ET-3 more susceptible to being "washed off" of relevant receptors due to

its more polar chemical nature. The in vivo data presented in this study suggest

that, as a pressor agent, ET-3 is as efficacious as ET-l; its duration of action,

however, is significantly shorter. The reasons for this are presently unclear,

though one can speculate that ET-3 is more easily removed from the endothelin

receptor per the chemical reasoning above or that ET-3 is simply more susceptible

to degradative enzymes in the rat circulation than is ET-l.

121
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The results are consistent with the suggestion that both ET—1 and ET-3 induce

their pressor effect in rats through a mechanism involving an elevation in TPR

since, regardless of which peptide was used, CO was either decreased or

remained unchanged in temporal association with increases in MAP.

Several investigators have reported that ET-1 has potent coronary

vasoconstrictor (Yanagisawa et al., 1988) and atrial inotropic effects (Hu et al.,

1988, Ishidawa et al., 1988). It cannot be determined from the current results

whether these actions were expressed in vivo in rats receiving endothelin. The fall

in CO observed with the highest doses of ET-1, but not ET-3, could reflect an

important difference in the biological actions of the two peptides in conscious rats.

For example, ET-l may impair cardiac contractility and thereby reduce CO more

than ET-3 simply due to a more potent or long-lasting coronary constrictor action

(Yanagisawa et al., 1988). Alternatively, ET-1 and ET-3 may possibly have

differing effects on venous capacitance or cardiac contractile force by acting on

different putative receptor subtypes. In the current study it appears that

bradycardia, most closely associated temporally with a rise in MAP, is the

primary cause for the observed fall in CO produced by ET-l. Since ET-3

administration produced less consistent bradycardia than ET-l, it is also possible

that the two peptides have different direct chronotropic effects or disparate

influences on baroreflex mechanisms. Additional studies will be required to

establish the validity of any of these possibilities.

As reported by several other laboratories (Lippton et al., 1988, Wright et al.,

1988), ET-l does appear to produce a bi-phasic blood pressure response; that is,



123

a short-lived hypotension followed by a sustained pressor response. It must be

noted that this bi-phasic response was only noticeable when the animals were

given bolus injections of ET-1 or ET-3. Such a response was not seen upon acute

infusion of either ET-l or ET-3 at any infusion rate. The reasons for this initial

hypotensive effect of the endothelins upon bolus injection are unclear; however,

it has been speculated that the peptide, when given in high concentrations, causes

the release of autocoidal vasodilators such as EDRF and prostacyclin which may

produce the initial short-lived depressor response (Ohlstein et al., 1990).

Likewise, endothelins, acting on different receptor subtypes or acting in a species-

dependent manner, may produce a vessel-dependent vasodilation as seen by

several investigators in in viva studies measuring feline renal arterial perfusion

pressure (Lippton et al., 1988), rat carotid arterial blood flow, and rat abdominal

aortic blood flow (Wright et al., 1988).

In summary, this set of experiments demonstrates that both ET-1 and ET-3 are

potent and long-lasting vasoconstrictive agents when administered intravenously

as boluses or acute infusions to intact, conscious rats. Although a transient

decrease in blood pressure can be observed after bolus administration of the

peptides, the predominant and consistent cardiovascular response to the either

peptide is a sustained elevation in MAP accompanied by an increase in TPR. The

differing hemodynamic patterns of the responses to ET-1 and ET-3 could reflect

differential actions of the peptides on putative receptor subtypes (Hoyer et al.,

1989)
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B. Cardiovascular Responses to Chronic Infusion of the Endothelins

As with bolus or acute infusion studies with the endothelins, the results of this

portion of the study indicate that ET-1 and ET-3 produce a dose-dependent

increase in arterial pressure when infused intravenously into normal rats for a

period of seven days. An important finding is that acute pressor effects of the

endothelins demonstrated previously by ourselves (above) and others (Brain, 1989,

Han et al., 1989, (3er et al., 1988, Hinojosa-Laborde et al., 1989, Minkes et al.,

1989) are well maintained during long-term peptid e infusion. It appears that the

normal cardiovascular homeostatic processes which prevent certain acute pressor

agents such as norepinephrine and epinephrine from inducing chronic increases

in arterial pressure are not sufficiently engaged to effectively oppose the

long-term vasoconstrictor effects of the endothelins.

There is disagreement in the literature as to whether the vascular actions of

the endothelins exhibit tachyphylaxis (Ohlen et al., 1989, Hirata et al., 1988) but no

indication of such an effect was observed in the current experiments. Likewise,

there is evidence that the endothelins alter baroreflex function (Chapleau et al.,

1989) but only transient bradycardia was observed during ET-l infusion in this

study suggesting that at least the cardiac component of the baroreflex is

appropriately reset during chronic endothelin infusion. Detailed studies by

Knuepfer et a1 (1989), also found no effect of acute endothelin infusion on the

cardiac component of the baroreflex in conscious rats. Increases in arterial

pressure can also be effectively countered by elevated renal fluid excretion: the

pressure diuresis/natriuresis mechanism (Guyton et al., 1972). Abundant data
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suggest, however, that infused endothelins bring about marked reductions in

renal blood flow, glomerular filtration rate and sodium excretion (Goetz et al.,

1988, Lopez-Barre et al., 1989, Miller et al., 1989). The failure of endothelin-

induced hypertension to cause the expected sodium and water loss in this portion

of the study may reflect the importance of these renal actions of endothelin.

As described above and by others, the hemodynamic mechanism of the acute

pressor action of the endothelins is a rise in vascular resistance (Yanagisawa et al.,

1988, Brain, 1989, Han et al., 1989, Minkes et al., 1989). This portion of the study

demonstrates that long-term infusion of the endothelins also raises arterial

pressure primarily through increases in TPR although the variability of this

mathematically-derived measure precluded demonstration of a statistically

significant increase. A significantly elevated CO during chronic endothelin

infusion might have been expected as a result of the inotropic effects of the

peptide (Watanabe et al., 1989, Shah et al., 1989), or from volume expansion

secondary to renal sodium and water retention (Goetz et al., 1988, L6pez-Farré et

al., 1989). However, neither of these factors are likely to have contributed to the

modest increases in CO observed during ET-l infusion since renal fluid retention

did not occur and SV did not increase.

Three mature (21-residue) endothelin isoforms (ET-1, ET-2 and ET-3) are

encoded in the human, rat and pig genomes (Inoue et al., 1989). Endothelial cells

produce only ET-1 and it is this isoform that is detectable in the circulating blood

of humans (Ando et al., 1989, Saito et al., 1989). Both ET-2 and ET-3 may be

expressed in a tissue specific manner; for example, ET-3 has been suggested to be
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the "neuronal" endothelin isoform (Inoue et al., 1989). Multiple endothelin

receptor subtypes also have been inferred based on a number of pharmacological

differences between ET-1 and ET-3 (Inoue et al., 1989). Possible disparities in the

cardiovascular responses to chronic ET-1 and ET-3 infusion therefore were

explored in the current investigation. The effects of ET-3 on hemodynamic and

body fluid variables were found to closely resemble those caused by infusion of

ET-1; the only differences of note were that the pressor action of ET-3 developed

more slowly and required a higher infusion rate. Thus, these results do not

strongly support the suggestion that distinct receptor subtypes mediate the

chronic cardiovascular effects of the endothelins.

The data from these studies also indicate that endothelin-hypertension is

salt-sensitive. When infused intravenously for seven days into conscious rats at

5.0 pmol-kg"~min", ET-l produced a significant, sustained and reversible elevation

in MAP when rats were maintained on a fixed salt intake of 6.0 mEq-day" (HS),

but not when they were maintained on a salt intake of 2.0 mEq-day'1 (NS). This

hypertensive response was attributable to an increase in TPR; CO, SV and HR

were not consistently or significantly influenced by the ET-l/HS infusion

protocol.

There are several potential mechanisms by which a high sodium/ET-l

combination could produce this observed increase in arterial pressure. An

obvious possibility is the direct vasoconstrictor action of ET-1 since endothelins

are known potent vasoconstrictors both in viva (Yokokawa et al., 1991) and in vitra

(Franco-Cereceda, 1989). This constriction has been shown to occur secondary to
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an increase in intracellular calcium concentrations derived from an increase in

transmembrane calcium flux and/or a release of intracellular stored calcium (Van

Renterghem et al., 1988). Two considerations, however, suggest that a direct

vasoconstrictor mechanism may not be the only means by which ET-1 infusion

produces an elevated MAP and TPR in this study: first, the infusion rate of ET-1

used in this study has been previously (above) shown to produce only a very

small increase in MAP during acute 1-hr infusions; second, if direct vascular

constriction was the main action of ET—1, it is not clear why an increase in MAP

and TPR occurred only in ET-l infused rats on the higher salt intake.

Evidence from recent studies, however, suggests that a high sodium intake

may augment the vascular response of the whole animal to the acute pressor

effects of ET-1 (Folta et al., 1991, Thompson et al., 1991). Thus, in the current

study, it is possible that rats on the high sodium intake simply had greater direct

vasoconstrictor responses to the infused ET-l. There remains the question,

though, of why an increased salt intake would enhance the vascular

responsiveness to ET-l. In the intact animal, chronic ET-l infusion may, for

example, produce higher plasma concentrations of ET-1 during high sodium

versus normal sodium intake conditions. Currently, however, we have no

information to either confirm or refute this possibility. Alternatively, a high

sodium intake could alter physiological properties of vascular smooth muscle cells

to enhance the contractile responsiveness to ET—l. An increased sensitivity to

contractile agonists is one proposed action of putative ouabain-like, natriuretic

factors released in response to a high sodium intake (Haddy, 1990), and the
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sensitivity of aortic strips to ET-1 in vitra has been shown to be increased by

ouabain (Tomobe et al., 1991). Thus, a simple increase in vascular responsiveness

to ET-l cannot be ruled out as an explanation for the increased MAP and TPR

observed here during chronic infusion of ET-1 in rats on a high sodium intake.

A sustained increase in circulating concentrations of mineralocorticoids

(Komanicky et al., 1982) or AngII (Krieger et al., 1989) has also been shown to

produce a salt-sensitive hypertension in rats. Infusion of endothelins into intact

animals for short periods has been reported to increase plasma renin activity

(PRA, Ysuchiya et al., 1990) and raise plasma aldosterone concentration (Cozza et

al., 1989). It is conceivable, therefore, that long-term infusion of ET-1 in this

investigation produced a persistent elevation in plasma levels of AngII and/or

aldosterone, thereby leading to a salt-sensitive hypertension. This possibility is

discussed later.

There is now some evidence to implicate neural blood pressure control

mechanisms in ET-l-induced hypertension. Binding sites (receptors?) for the

endothelins have been found in brain nuclei known to participate in neural

cardiovascular regulation (Ferguson et al., 1991, Hoyer et al., 1989), and

blood-borne ET-l has been shown to activate some of these neuronal populations

(Ferguson et al., 1991). Endothelins administered selectively into the brain at low

doses elicit an increase in arterial pressure dependent on activation of the

sympathetic nervous system. Endothelins also may facilitate the release of

norepinephrine from sympathetic nerve terminals (Tabuchi et al., 1990). ET-l has

also been reported to alter baroreflex function in some studies (Chapleau et al.,
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1989) but not in others (Kneupfer et al., 1989). It is not known, however, whether

the central or peripheral neural actions of ET-1 are differentially affected by

dietary salt intake. Thus, it is premature to speculate on a possible neurogenic

basis for the salt-sensitivity to the chronic hypertensive action of ET—1.

It is also well established that a variety of different experimental

manipulations of the kidney, including reductions of renal mass or renal

perfusion pressure and the administration of sodium retaining hormones, produce

a hypertension which is usually more severe in animals maintained on a high

sodium intake (de Wardener et al., (I and II) 1990). Although the precise

mechanism of these forms of hypertension is not well established, there is general

agreement that the initiating event is an excessive sodium chloride intake relative

to renal excretory capacity. This has been postulated to result in either: 1) an

initial increase in CO followed by autoregulatory increments in TPR; or 2) release

into the circulation of natriuretic factors which also have vasoconstrictor activity.

It is notable, then, that the endothelins have been found to exert very potent

effects on renal function, including reductions in renal blood flow, glomerular

filtration rate and urinary sodium excretion (Yamada et al., 1991). In support,

autoradiographic studies have identified high-density binding sites for

125I-endothelin in glomeruli, vasa recta and inner medullary structures of rat

kidney (Hoyer et al., 1989, Koseki et al., 1989). Circulating ET-1 is, therefore, likely

to exert direct effects on the kidney leading to reduced sodium chloride excretory

ability. The results of the current experiments reported here, however, indicate

that renal actions of ET-1 are not a primary cause of an increased MAP during
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chronic low-dose infusion in rats, since daily collections of urine did not reveal

a significant reduction in sodium or water excretion during ET-l infusion in this

or the previous studies, above. An increase in CO also was not observed at any

time during ET-l infusion, as would have been predicted from at least one of the

common theories concerning salt-sensitive hypertension (Guyton et al., 1969).

Although it might be reasonably argued that the rise in arterial pressure

countered anti-natriuretic effects of ET-1 in the rats on high sodium intake, this

would not account for the failure to observe sodium retention in the rats on

normal sodium intake in whom ET-l did not increase arterial pressure. Thus,

though hypertension produced by exogenous infusion of ET-1 into conscious rats

appears to be salt-dependent, the contributions of the renal effects of chronic ET-l

infusion in rats remain to be elucidated.

C. The Sympathetic Nervous System and Endothelin-Hypertension

As previously described, ET-l may elicit many of its cardiovascular actions by

stimulation of physiological processes within the central nervous system.

Specifically, tissue autoradiographic studies described the presence of specific

binding sites for ET-1 in various regions in rat and human brain stem (Jones et al.,

1989), basal ganglia, and cerebellum (Koseki et al., 1989). Furthermore,

inununoreactive ET-1 and ET-3 as well as their mRNAs were shown to be present

in the central nervous system of rat (MacCumber et al., 1989, Matsumoto et al.,

1989), pig (Shinmi et al., 1989, Yoshizawa et al., 1989, Yoshizawa et al., 1990), and

humans (Giaid et al., 1989). Likewise, the presence of irnmunoreactive ET-1 in
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normal human cerebrospinal fluid was reported to be seven-fold higher than in

the plasma (Hirata et al., 1990, Hoffman et al., 1989). Central injection of ET-1

produces marked changes in various physiological parameters:

intracerebroventricular injection of ET-1 induces changes in body posture, pupil

diameter, and convulsions (Moser et al., 1989); ET—l influences central

dopaminergic (Kataoka et al., 1989) and vasopressinergic (Schichiri et al., 1989)

systems. Of particular interest, though, are the many reports demonstrating that

intracerebroventricular injection of ET-1 induces potent changes in peripheral

blood pressure and heart rate in conscious or anesthetized rats (Ferguson et al.,

1990, Ouchi et al., 1989, Seto et al., 1989). All of these data suggest that ET-1 is a

functional central neurohormone that may play a role in many pathophysiological

states (Hirata et al., 1990, Hoffman et al., 1989).

Few other agents have been shown to have the sustained pressor action of

ET-1 when chronically administered (Fink et al., 1987, Kanagy et al., 1990) since

physiological compensatory (homeostatic) mechanisms, such as the baroreceptor

reflex, appear to effectively counter most adverse elevations in blood pressure

through neurogenic regulation of TPR. Those agents that appear to circumvent

these homeostatic mechanisms, have been shown to have direct neurogenic

activity as well as direct peripheral mechanisms of action. For example, Cowley

et al (1976) and Pawloski (1990) have shown that, initially, the arterial baroreflex

effectively attenuates the rise in arterial pressure due to continuous AngII infusion

(since SAD animals demonstrate a rapid rise (l-day) in MAP whereas intact

animals become hypertensive over a period of days). After a period of a few
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days, however, the blood pressures of intact animals achieves the levels seen in

SAD animals suggesting that AngII has induced a "resetting of the baroreflex"; has

decreased baroreceptor sensitivity; and/or has directly stimulated central

sympathetic activity (Luft et al., 1989)(thereby circumventing the baroreceptor

reflex). This ability of the arterial baroreflexes to "reset" rapidly in response to

changes in MAP has made their role in pressure regulation in hypertension

controversial. For example, baroreceptor denervation in most experimental

hypertensive models increases only short- term pressure lability

(minute-to-minute) but not average long-term pressure levels. Pawloski (1990)

further provided evidence that the full expression of the neurogenic actions of

AngII are observable only in SAD animals, or during periods of AngII infusion

sufficiently sustained to allow substantial resetting of the baroreflex.

Despite conflicting evidence concerning the influence of ET-1 on baroreflex

function (Kneupfer et al., 1989, Kuwaki et al., 1990, Itch et al., 1991), inhibition of

the baroreflex clearly enhances the acute (25-min) pressor action of i.v. ET-1 in

rats (Hinojosa-Laborde et al., 1989). However, as described above, the chronic

effects of baroreceptor denervation on hormonal regulation of blood pressure

cannot always be predicted from these acute studies. In the present study, during

chronic infusion of ET—1, it appears that the cardiac component of the baroreflex

is reset within 48 hrs in the presence of sustained hypertension. Additional

evidence that the baroreflex operates normally during ET-l hypertension is the

finding that the minute-to-minute variation in MAP is not altered in SHAM rats

throughout the experimental protocol. Alternatively, since baroreflex denervation
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produces a sustained enhancement of the pressor response to ET—l, it appears that

the vascular component of the baroreflex is not similarly reset. Thus, in the

current study, the intact baroreflex appears to effectively attenuate the long-term

blood pressure effects of circulating ET—l at the dose administered. Additionally,

the differences in the magnitude of the blood pressure response to ET-l infusion

between SHAM and SAD rats cannot be explained by alterations in [ET-1],. since

these were similar in both groups during ET-l infusion.

The demonstration of high-density, ET-l binding sites in many brain regions,

including the dorsal vagal complex (Jones et al., 1989), subfornical organ (Koseki

et al., 1989a), median eminence (Koseki et al., 1989b) and area postrema (Ferguson

et a1, 1991), further indicate a central site of action for the peptide. Additionally,

studies demonstrating cardiovascular actions of ET-1 following microinjection of

the peptide into the area postrema support the concept that ET-1 may act as a

chemical messenger within this particular circumventricular region (Ferguson et

al., 1990). A combination of the central morphology and recent investigational

evidence suggests that ET-1 may have specific actions on neurons within the area

postrema.

As a part of the dorsal vagal complex, the rat area postrema is a midline

circumventricular structure located on the dorsal surface of the medulla.

Characteristically, it is highly vascularized and lacks a normal blood brain barrier.

Likewise, compared to other mesencephalic loci, it has been demonstrated to

contain the highest densities of binding sites for various circulating peptides

including AngII (Mendelsohn et al., 1984), atrial natriuretic factor (ANF, Bianchi
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et al., 1986) and ET-l (Koseki et al., 1989a). The suggested role of the area

postrema as a site of action for the central effects of circulating compounds is

further supported by anatomical tracing studies which have demonstrated efferent

neural connections from the area postrema to the adjacent nucleus tractus

solitarius (NTS), the parabrachial nucleus in the pons, as well as to both spinal

and hypothalarnic autonomic regions (Shapiro et al., 1984, Van der Kooy et al.,

1983). For example, evidence has implicated this structure as an essential

"chemoreceptor trigger zone" in the control of emesis (Borison et al., 1984); thus,

circulating substances are believed to gain direct access to neural elements within

this structure thereby initiating the neural processes which lead to vomiting.

Indeed, it has been reported that systemic ET—l infusion in dogs induces vomiting

(Goetz et al., 1988), although the specific locus at which ET-l acted to produce this

effect was not established. Further implication of the area postrema in

cardiovascular control mechanisms is evidenced by the fact that destruction of the

area postrema has been reported to result in hypertension (Yitalo et al., 1974).

Accordingly, Ferguson et al (1988) demonstrated that electrical stimulation of area

postrema neurons in the rat resulted in rapid, reversible decreases in both blood

pressure and HR. Alternatively, lower intensity stimulation in rabbit area

postrema has been reported to decrease sympathetic postganglionic renal nerve

activity (Hasser et al., 1987).

As previously mentioned, AngII-hypertension is hemodynarnically similar to

endothelin-hypertension and AngII has been suggested to elicit its central effects

on the cardiovascular system, at least in part, through actions within the area
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postrema where electrolytic ablation of the area postrema significantly attenuates

the neurogenic component associated with AngII-hypertension (Fink et al., 1987,

Casto et al., 1984). These studies further help to support results from

electrophysiological studies demonstrating that area postrema neurons are

influenced by circulating AngII (Carpenter et al., 1988, Papas et al., 1990) as well

as by changes in blood pressure (Papas et al., 1990). If part of the hypertensive

response to continuous ET-l infusion was due to sympathetic stimulation via

identified receptors in the area postrema, then APX, as in AngII hypertension,

should have produced an alteration in the response to peripheral application of

the peptide. In fact, this portion of the study demonstrates that APX does not

alter the hypertensive response to a chronic elevation in circulating ET—l,

suggesting that endothelin-hypertension occurs in the absence of chronic

sympathetic stimulation through activation of receptors in the area postrema.

Alternatively, a neurogenic component of endothelin-hypertension may arise from

other central sites. Though a suggested contribution of an increased sympathetic

nerve activity to endothelin-hypertension has not been ruled out, these data are

further consistent with the hypothesis that the chronic blood pressure effects of

circulating ET-l are due to a direct effect of ET-1 on vascular smooth muscle.

D. The Renin-Angiotensin System and Endothelin-Hypertension

The data from this portion of the studies indicate that endothelin hypertension

is prevented by the ACE inhibitor captopril. Earlier, we demonstrated that ET—1,

when infused intravenously for seven days into conscious rats at 5.0
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pmol-kg'l-min", produces a significant, sustained and reversible elevation in MAP

when rats are maintained on a fixed salt intake of 6.0 mEq-day“. We also have

demonstrated that this hypertension is attributable only to an increase in TPR

since CO, SV, HR, water intake, urine output and sodium and potassium

excretion were not changed. When this infusion protocol is combined with a

concomitant infusion of captopril at a rate of 1.0 mg-kg’1-hr", i.v., the pressor

response is inhibited with no observable variations in the measured hemodynamic

or fluid/electrolyte balance parameters mentioned above.

Because of the various pharmacological properties of captopril, there are

several potential mechanisms by which this agent could effectively prevent ET-l

hypertension. One possibility is the ability of captopril to inhibit ACE (Rubin et

al., 1978), thereby preventing the generation of AngII. The dose of captopril

utilized in this investigation has been shown by other investigators to effectively

inhibit AngII formation in normal rats (Wallace et al., 1987). It also is well known

that an increase in the circulating plasma level of AngII produces a sustained,

salt-dependent increase in MAP (Pawloski et al., 1990); this form of hypertension

has a hemodynamic profile similar to that seen in ET-l hypertension, i.e. a

sustained elevation in TPR with little effect on other hemodynamic parameters.

An interaction between ET-1 and the RAS has been suggested in a study where

short-term infusion of ET-1 into intact animals increased PRA (Miller et al., 1989,

Goetz et al., 1988). In addition, two recent investigations by Kawaguchi et al

(1990, 1991) demonstrated that ET-1 is a potent stimulant of ACE in cultured

bovine pulmonary artery endothelial cells; maximum stimulation (a 2-fold
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increase) of ACE occurred at 1x10‘8 M ET—l. Therefore, in this particular study,

it is conceivable that ET-1 induced elevations in [AngII]P sufficient to produce

hypertension; administration of captopril would then prevent hypertension by

inhibiting an increase in [AngIllp concentrations. Direct measurements performed

in the current study, however, indicate that ET-1 did not significantly increase

[AngII]P. These observations suggest that if AngII is involved in ET-l

hypertension, it is probably at a local tissue level. Such an interaction between

the RAS and ET-l at the endothelial level is supported by Dohi et al (1991, 1992)

who recently demonstrated that AngII directly stimulates endothelial ET-l

production, in situ, through an increase in the expression and transcription of

ET-1 mRNA; there is currently no evidence, though, that ET—1 increases local

AngII formation by vascular tissue.

In addition to possible effects on the vascular RAS, the renal RAS could also be

involved in the actions of ET-1. ET—l, like Angll, has been found to exert very

potent effects on renal function, including reductions in renal blood flow (RBF),

glomerular filtration rate (GFR) and urinary sodium excretion (Miller et al., 1989,

Goetz et al., 1988, Banks, 1990). In addition, receptors for both peptides have been

identified in the glomeruli, vasa recta and medulla (Wilkes et al., 1991). Localized

stimulation of renal AngII formation by ET-l could therefore contribute to the

observed hypertension, which would be reversed by an action of captopril on

renal ACE. In support, one recent investigation performed in anesthetized dogs

and rats demonstrated that captopril attenuated ET-l induced decreases in RBF,

UMV and urine flow while having little effect on the short-term pressor response
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to ET-l (Banks, 1990). Daily measurements of urine volume and electrolyte

excretion in the current study, however, did not reveal any significant actions of

ET-1 on renal function.

Though it is generally accepted that the antihypertensive mechanism of

captopril is through inhibition of AngII formation, several in viva and in vitra

studies suggest that captopril has vasodilator activity which is independent of the

RAS and ACE-inhibition. Investigations have shown that captopril's unique

sulfhydryl moiety (-SH) acts as a scavenger of free radicals such as superoxide

anion (02'); Of-mediated vasoconstriction has been shown to occur through

inactivation of EDRF (Aruoma et al., 1991, Goldschmidt et al., 1991). Nagase et al

(1990) and Haller et al (1991) recently demonstrated that ET—1 enhances the release

of oxygen radicals in vitra and in vivo. Likewise, ET-1 has been shown to be a

potent secretagogue for EDRF (Ohlstein et al., 1990). Accordingly, it is possible

that captopril administration, in this study, may have prevented ET-l

hypertension development via a scavenging action on ET-l-induced 0;

generation allowing the vasodilator action of ET-l-induced EDRF release to

antagonize any ET-l-induced vasoconstriction. This may not be a viable

mechanism in this study, however, since the use of another ACE inhibitor,

enalapril, also was able to effectively prevent endothelin-hypertension; enalapril

does not possess a chemical sulfliydryl moiety and has not been shown to have

superoxide scavenging properties (Sweet et al., 1981 and 1983, Cross at al., 1980,

Humke et al., 1991). Other potential mechanisms for captopril's antihypertensive

effect in this model may be through the inhibition of kinin degradation (Rubin et
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al., 1978) or through the release of vasodilator prostanoids (Swartz et al., 1980).

These endogenous vasodilators and others are known to antagonize the

vasoconstrictor effect of ET-1 (Rubanyi et al., 1991). The results of this portion of

the study, therefore, suggested that endothelin-hypertension may be caused by

tissue-specific, RAS activation and/or possible super-oxide generation since

captopril effectively attenuates hypertension development. To further describe the

potential interaction(s) between the RAS and ET-1 in endothelin—hypertension,

losartan, an non-peptidic AT,-specific receptor antagonist was used.

It has been recently demonstrated that there are at least two sub-types of

AngII receptors. The AngII-receptor sub-type associated with vascular smooth

muscle, ATl (Chiu et al., 1989) is selectively blocked by compounds such as

potassium 2-n-butyl-4—chloro-5-hydroxymethyl-1-[2—(1H-tetrazole-S-yl)bi-phenyl—4-

yl-methyllimidazole (DuP753, losartan, Chiu et al., 1990, Wong et al., 1990a).

Losartan, a competitive antagonist, was utilized in the current study since it,

unlike earlier peptidic AngII receptor antagonists, is totally lacking in agonist

activity and has no influence on vascular responses to noradrenaline, vasopressin,

bradykinin or ACE activity (Chiu et al., 1990, Wong et al., 1990a,b,c,d,e). In

conscious, normotensive rats or in rats with DOCA-salt hypertension, losartan has

no hypotensive effect alone, but in normotensive rats treated with furosemide, in

rats with hypertension due to renal artery ligation, and in SHR, losartan has a

distinct antihypertensive effect (Wong et al., 1990a,b,c,d,e). Bolus administration

of losartan in the current study revealed that the compound was able to produce

significant reductions in MAP for periods up to 24-hrs after administration
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during the ET-l infusion period when MAP was significantly elevated. Again, as

demonstrated by others, above, losartan had little effect on MAP during the

control or recovery periods when animals were normotensive. MAP, however,

was significantly elevated when measured during the next 24-hr period

suggesting that the antihypertensive effects of losartan are quickly alleviated in

this model of hypertension through unidentified mechanisms but may be related

to its metabolism. This finding is discordant with the early descriptions of the

actions and metabolic fate of losartan which suggest that losartan, as a parent

compound, is quickly metabolized in viva into a non-competitive antagonist of

AT, receptors (Chiu et al., 1990). The metabolite, EXP 3174, was calculated to be

at least 41 times more potent than losartan and has an apparent half-life of ~2

days in viva (unpublished observation). Therefore, if endothelin-hypertension is

a result of an action of AngII on AT, receptors, then the antihypertensive effect

of bolus losartan during endothelin-hypertension should have been maintained

by the presence of the irnidazole metabolite. Nevertheless, if metabolism of the

compound was related to its acute activity, then chronic infusion of an effective

dose of losartan should have produced a sustained inhibition of

endothelin-hypertension. The data of the current study, however, demonstrated

that continuous application of losartan by chronic i.v. infusion was ineffective at

preventing endothelin-hypertension development or maintenance despite full and

continuous blockade of AT, receptors (there was no blood pressure response to

bolus pressor doses of AngII administered throughout the protocol). Similarly,

stimulation of the renal RAS (and thereby an action of AngII on renal function)
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also does not appear to play a role in endothelin-hypertension development or

maintenance since losartan had no significant effect on urinary electrolyte or fluid

balance throughout the protocol in any of the groups of animals. In conclusion,

despite a short-term effect of losartan to lower MAP during

endothelin-hypertension, this portion of the study suggests that the development

and maintenance of endothelin-hypertension does not appear to require an action

of AngII on AT, receptors.



CONCLUSIONS

The investigations of this dissertation were designed to address the hypotheses

relating to the hemodynamic actions of endothelin and the mechanism(s) of

endothelin-hypertension. First, acute bolus, short-term infusion and chronic

infusion of ET—1 demonstrated that much of the peptide's pressor action is

associated with insignificant increases in TPR with little action on other

cardiovascular hemodynamics such as CO, HR, and SV. In addition, these initial

studies demonstrated a significant difference in the potencies of the two

endothelin isopeptides ET-1 and ET-3; ET-3 being significantly less potent than

ET-l.

Second, renal actions of ET-1 seem to play no significant role in the sustained

pressor response to chronically infused ET-l since urinary sodium and water

retention was not observed in any of the experiments presented. In contrast,

endothelin-hypertension is distinctly dependent on sodium intake since it was

observed that a three-fold increase in total daily salt intake significantly

augmented the sustained pressor response to infused ET-l.

Third, endothelin-hypertension is not accompanied by significant alterations

in circulating concentrations of ET—1 or AngII. These observations could be

explained by the unique molecular kinetics of endothelin's interaction with its
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receptor (Yanagisawa et al., 1989b) as well as its rapid elimination from the

circulation (Yanagisawa et al., 1988b). Additionally, endothelin-hypertension may

be associated with specific compartmental elevations in tissue ET-l (Dohi et al.,

1991) and AngII (Dohi et al., 1992) activity which were not analyzed in these

studies.

Fourth, ET-l interacts with the baroreceptor reflex in a unique fashion since

it was observed that endothelin-hypertension, over a period of seven days, is

significantly augmented by sino-aortic denervation. These observations are in

accord with those of Hinojosa-Laborde et al (1989) describing a similar

augmenting effect of sino-aortic denervation on the pressor response to acute

application of ET-1.

Fifth, actions of ET-1 at the area postrema do not seem to play a role in the

development or maintenance of endothelin-hypertension since the onset and level

of hypertension obtained in area postrema ablated rats was not significantly

different from that obtained in normal animals. This is surprising considering the

data describing an extensive population of ET-1 receptors within this

circumventricular organ (Ferguson et al., 1991) and the peripheral responses

elicited by microinjection of ET-1 into this medullary region (Ferguson et al., 1990),

although this disparity might be explained by the differences in the doses of ET-1

administered.

Sixth, an action of AngII at AT, receptors does not appear to be neceSsary in

the development or maintenance of endothelin-hypertension since this condition

is not alleviated by specific AngII-receptor antagonism. The finding that ACE
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inhibition effectively prevents endothelin-hypertension development and

maintenance suggests that alternate pathways in the renin-angiotensin,

prostaglandin, and/or bradykinin systems may be important in the physiology

of endothelin-hypertension. For instance, as suggested earlier, it has been shown

that converting enzyme inhibition prevents kinin metabolism and thereby

stimulates the relaxation response of bradykinin on smooth muscle; the effects of

bradykinin have been demonstrated to effectively attenuate constrictor responses

of endothelin on smooth muscle. Studies using available bradykinin receptor

antagonists could further elucidate this possible mechanism of action.

Additionally, recent studies (Santos et al., 1992, Jaiswal et al., 1992, and Diz et al.,

1992) suggest that converting enzyme inhibition may shunt the metabolism of

AngI to alternate metabolites such as Ang 1-7 or Ang 3-8 which may have

vasodilatory actions on vascular smooth muscle possibly through stimulation of

prostaglandin production and the production of other endothelial-derived relaxing

factors. Assays directed at the measurement of these alternate vasodilator

metabolites will provide further insight into this possible mechanism of action.

As well, currently available and specific ET-l receptor antagonists should prove

useful in describing a direct mechanism of action of ET-1 in endothelin

hypertension.

Therefore, based on the findings of this dissertation and the proposals above,

the following scheme (Figure 71), describing possible mechanistic pathways for

the cardiovascular actions of continuously infused ET-1 is suggested:
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Mechanistic Proposal

 
Figure 71: Mechanistic proposal for the actions of ET-1 during

endothelin-hypertension.
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