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ABSTRACT

THE CARDIOVASCULAR PHYSIOLOGY OF ENDOTHELIN-1
~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 of angiotensin 11 and arginine
vasopressin.  Therefore, the hemodynamic characteristics of exogenously
administered ET-1 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
(AT,) 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 AT, 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-1, 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 s, 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 (Hirata et al., 1988), cat (Lippton et al., 1988), rabbit
(Thiemermann 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-1 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-1.

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-1 (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 vitro further characterized by a transient
depressor response followed by a sustained pressor response in vivo (Takasaki et
al., 1988). The potencies of the in vitro constrictor activity and the in vivo pressor
activity were defined as: ET-2>ET-1>ET-3. In contrast, the initial transient
depressor response in vivo was most profound upon ET-3 administration.

ET-1 also elicits markedly different regional hemodynamic response paftems
(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 EDREF or prostacyclin release by ET-1 itself from endothelial cells
(Wanner et al. 1989).

N°-monomethyl-L-arginine (L-NMMA), an inhibitor of nitric oxide (EDRF)
synthesis, has no effect on hypotensive responses to in vivo 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-1 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.



5

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 Glu[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-1 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.

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
ET1 CSCSSLMDKECVYFCHLDI I W
ET2 CS CSSWLDKECVYFCHLDI I W
ET 3 CTCFTYLDKECVYYCHLDI I W
STXaC S CKDMTDKECLNFCHOQDUVI W
STXbCS CKDMTDKECLYFCHOQDVI W
SXcCTCNDMTDEECLNFCHOAQDVI W
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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
1%[-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-1 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-12ET-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 ET,, ETg and ET.. Where ET, demonstrates high affinity for ET-1 and ET-2
but not for ET-3, ET} has equal affinity for the three peptides, and ET. has high
affinity for ET-3. ET, has been identified as the receptor subtype existing on the
smooth muscle cell and is most likely responsible for the ET-1's vasoconstrictor
action. This subtype of receptor has also been identified on central neurons as
well as skeletal, cardiac, and bronchial smooth muscle. ETg has been identified

on the membranes of endothelial cells and may be responsible for production of
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EDRF. ET. 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 (Angll) as well as by ET-1, 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 vitro, but at relatively high doses. The
mechanisms underlying this receptor regulation are currently unknown, however,
it was shown that ET-1-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-1 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-1
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
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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 A, has been shown to be activated by ET-1 to produce various
prostanoids including prostacyclin, prostaglandin E, and thromboxane A,; 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 (IP,) 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
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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-1'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-1 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 ef 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-1. 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 (IP,) 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-f (TGF-f) induce the production of ET-1 mRNA in
the endothelium (Masaki et al., 1990). In addition, the administration of TGF-j,
TPA (12-O-tetradecanoylphorbol-13-acetate), ionomycin, Angll, 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-1 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
EDREF 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 (IP,), 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-fos, 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-1 (ppET-1) 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-1 by TGF-f and may be involved in the induction of ET-1 under acute
physiological stress in vivo (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-1 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-1 may be synthesized and immediately released
or may not be stored in vesicles for sustained periods of time. In situ, ET-1 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-1, they also exhibited high neutral endopeptidase
(enkephalinase) activity, which may play an important role in the ET-1

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-1 (ppET-1) has twelve successive

hydrophobic amino acid residues at the amino terminal side (Yanagisawa et al.,
1988). Human placental ppET-1 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 foto 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-1 at the amino-terminal side of the mature ET-1
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-1, 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-1. Additionally, equi-molar big ET-1 and ET-1 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 vivo experiment (D'Orléans-Juste et al., 1990). Bolus i.v.
administration of big ET-1 produced a slow increase in plasma ET-1 levels
detectable even at 60-min after administration. Alternatively, a significant
increase in ET-1 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-1
reached peak levels after 5-min rather than after 1-min as seen with ET-1.
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-1 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
phosphoramidon (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-1 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-1 or the big ET-1
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carboxyl-terminal fragment was barely detectable in lysates of the cells treated

with this inhibitor (additional evidence that big ET-1 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-1 isoform,
indicating the importance of the ET-1 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-1 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 (ANF) release (Fukuda et al., 1988);
renal effects (Rakugi et al., 1988); proliferative effect on vascular smooth mﬁscle
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 Angll,

elicits the production and release of ET-1. The released ET-1 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-1 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-1 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-1 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-1 levels in chronic renal failure
patients with essential hypertension than in normal subjects. A hemodialyzed
hypertensive group had higher plasma ET-1 than the comparable normotensive
group (Saito et al., 1990, Shichiri et al., 1990). However, the importance of the
plasma ET-1 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-1 levels do not increase in
Goldblatt I and spontaneously hypertensive rats (SHR) (Suzuki et al., 1990,
Tomobe et al., 1988), both greater sensitivities and enhanced maximal responses
to ET-1 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-1 (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 vivo.
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 vivo:  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 vivo (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 Angll, 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-1
administration (Given et al., 1989, Hinojosa-Laborde et al., 1989). These results
indicate the possibility for a neural mechanism of action for ET-1's blood pressure
effects. Likewise, the baroreceptor reflex is normally activated in the preserice of
vasoconstrictive agents, due to stretch-sensitive mechanisms, in order to attenuate

their pressor effects. The maximal pressor response to exogenously administered



23
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-1 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 Angll-induced hypertension despite the direct
vasoconstrictive actions of Angll. This finding suggests that Angll-induced
hypertension has a neurogenic component. Furthermore, the area postrema of the
rat has a very high density of Angll binding sites (Saavedra et al., 1986) and ET-1
binding sites (Koseki et al., 1988). It has also been recently shown that i.v.
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-1 may influence cardiovascular function through
activation of area postrema neurons.

As previously mentioned, increases in plasma ET-1 levels have been reported
in patients with essential hypertension (T600%), cardiogenic shock (T1400%),
patients on chronic dialysis (T400%) and in patients with pulmonary hypertension

(T600%). Again, these data suggest that circulating ET-1 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-1 immunoreactivity (ET,) in
plasma samples should demonstrate a strong correlation with increases in MAP
if exogenous ET-1 administration displays a steep dose-response curve. Likewise,
increased plasma ET-1 concentrations should prove to be physiologically relevant
by exhibiting only slight (femtomolar) increases in ET;, 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 (1-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 Angll 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. GENERAL METHODS
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 i.v. 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, Chicago, IL), 50 mg-kg”, i.p., and administered
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atropine sulfate, 0.2 mg, i.p. (Sigma, St. Louis, MO), 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 Coming, 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 cm? 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. Ani.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 Flow Probe Implantation: Rats were anesthetized with

halothane (5.0 volume percent in O, at 1.0 L-min"). An endotracheal tube (4.0
mm O.D.) 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
midline 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
(Ethicon® 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, im. 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. Sino-Aortic Deafferentation: 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 (S.D.)
significantly greater (>1.96 S.D.) than that of SHAM-operated animals (S.D. =

6.3+0.4 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
pm 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. Blood Pressure/Heart 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 20-min 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 Other 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 (nmHg-kHz") = MAP/CO
Stroke volume index (SV) was calculated using the formula:

SV (kHz:min-beat?) = CO/HR

5. Assay Measurement Procedures
a. Plasma ET-1 Concentration:  Briefly, the system utilizes a high specific
activity ["®IJET-1 tracer and a highly specific and sensitive antiserum. ET-1 can
be measured accurately in a range of 0.25-16.0 fmol-tube™ (0.625-40 fmol-ml™) with

a sensitivity of approximately 0.2 fmol-tube™ (0.5 fmol-ml?, 1.2 pg-ml”). Recovery
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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 pL of
0.25 M EDTA and 10 pM E-64 (a cysteine protease inhibitor, Sigma Chemicals, St.
Louis, MO). The sample was then centrifuged at 15,000 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-1 standard
curve was prepared in a range from 0.25-16.0 fmol/tube; the system utilizes a
high specific activity ['*I}-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-1, <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 1-min using a Micromedic Plus® Automatic Gamma Counter.
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b. Plasma Angll Concentration: Plasma Angll ([Angll];) concentrations

were determined in 400 ul 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) containing 0.05M tris-(hydroxymethyl)-aminomethane, 0.3% bovineserum
albumin, and 0.2% neomycin sulphate. AnglIl assay was performed using
»I-labelled Angll (New England Nuclear, Boston, MA; final concentration:
200,000 cpm:ml™?) and Angll 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 3000¢. 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 (Py,
and Py) 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 (Uy,V) and
potassium (UiV) excretion (expressed as "mEq-day™ using the photometric

electrolyte analyzer described above.

6. Statistical Analyses All analyses were performed electronically by use of
CRUNCH? 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 means+SEM. 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.



B. EXPERIMENTAL PROTOCOLS
1. Bolus and Acute Intravenous Infusion of ET-1 and ET-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 ~81.8%, sample purity ~99.1%] was dissolved
in sterile 0.9% saline to a concentration of 10.0 nmol-ml”’. 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 1-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-1 at 0.003 (n=8), 0.01 (n=14) and 0.03 (n=14)
nmol-kg’min? with a total volume flow rate of 0.0096 ml'‘min' 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. Chronic Intravenous Infusion of ET-1 and ET-3

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-1 or ET-3 at 0.0, 3.0, 5.0 and 7.5 pmol-kg™’-min”’. MAP,
HR, CO, TPR, SV, W1, UO, U,,V and U,V 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 sodium chloride solution at a rate of 5.0 ml-day™ 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];, [AnglI];, [P]y, and

[Pk

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-1 infusion rate of 5.0 pmol-kg™*-min" and chronic i.v. infusions of 2.0

mEq-day™ 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™ 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 AnglI are
found in the normal rat circulation as well as in increased concentrations in the
ET-1-infused rat in order to elucidate ET-1's actions as a circulating hormone and
its actions on other circulating vasoactive factors. In animals following the
chronic ET-1 infusion protocols above, [ET-1]; and [Angll], 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-1
infusion protocols above, UV, UyV, WI, UO, and WB were monitored and

assessed daily throughout the 15-day protocol.

3. Endothelin-Hypertension and the Sympathetic Nervous System
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a. Baroreceptor reflex afferents:  The specific aim of this set of experiments
was to determine if the baroreceptor reflex attenuates the pressor response to
exogenously-administered ET-1. 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 A.3. above.

b. Area Postrema ablation: The specific aim of this set of experiments was
to determine if ET-1'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-1. 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 the Renin-Angiotensin System

The specific aim of these sets of experiments was to determine if the RAS
system contributes to ET-1-induced hypertension.

a. Chronic intravenous infusion of angiotensin converting enzyme inhibitors: In
order to elucidate the contributions of Angll synthesis to endothelin-hypertehsion,
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™ sodium chloride solution (used as a vehicle
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for the ET-1 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 ([25]-1-[3-mercapto-2-methyl-propionyl}- L-proline, Sigma, St.
Louis, MO) at a dose of 0.0 (control) or 1.0 mg-kg™-hr’; these infusions were
maintained throughout the experimental protocol. These experiments were also
performed wusing 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'-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 AngllI at AT, receptors to endothelin-hypertension, rats were
chronically prepared as described in A.2.a. above. Losartan (DuP753), a
non-peptide, type-1, Angll receptor antagonist was administered to each rat, once
during the control period, on two days during the ET-1 infusion period (DAYS
2-3 and DAYS 4-5 of the ET-1 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 AngllI receptor blockade by i.v. bolus administration

of 10.0 ng of Angll.

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

long-term effects of Angll-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 mgkg”, i.v. throughout the 15-day
protocol. MAP, HR, UO, WI, WB, U,,V and U,V were measured at 24-hr
intervals. Animals were assessed for Angll receptor blockade by i.v. bolus

administration of 10.0 ng of Angll.



RESULTS

1_Bolus and Acute Intravenous Infusion of ET-1 and ET-3

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-1 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 dose.

Human endothelin (ET-1) administered as an infusion, i.v. Figures 6-10 present
the hemodynamic responses to 1-hr i.v. infusions of ET-1 at rates of 0.003
(n=8), 0.01 (n=14) and 0.03 (n=14) nmole-kg’-min". 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™ 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 1-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
1-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 effects 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 efficacies 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-1 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 vivo
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 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 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.



48

180 T T T L] T T T T ) T T T T

@ 0.003 nmol/kg/min (n=8)
er a 0.010 nmol/kg/min (n=14)
® 0.030 nmol/kg/min (n=14)

1

Mean Arterial Pressure (mmHg)
E 3
Shel
-
\
ey
T
\
/.
i qam o

110 - .

100
-10 o 10 20 30 40 50 60 70 80 90 100 110 120 130

TIME (minutes)

Figure 6. Mean arterial pressure 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 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 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 9. Changes in cardiac output 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 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) 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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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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Heart rate 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 18. Changes in total peripheral resistance 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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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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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'-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 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
nmol-kg’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™), 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™-min™) of either peptide, reveals that
ET-3 is significantly (p<0.05) less potent than ET-1. Error bars represent SEM.



66
2._Chronic Intravenous Infusion of ET-1 and ET-3

a. Dose-dependency of Endothelin-Hypertension Initial experiments were
performed in rats without aortic flow probes to determine the chronic
ET-1/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” caused a 60%
mortality within a few days; thus, higher rates were not employed.
Subsequent studies with ET-1 were performed using an infusion rate of 5
pmol-kg?’-min”. 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"-min" (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), U,V
(Figure 31), UV (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-1 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-1 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’-min™ (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), U,V (Figure 39),
UV (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’-min", i.v. MAP at all
doses of ET-1 was significantly elevated during the ET-1 infusion period as
compared to control measurements. C1-C3, control days; E1-E7, ET-1 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 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-1 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’-min?, i.v. (n=7). Asterisks indicate significant difference (P<0.05)
from control day measurements. C1-C3, control days; E1-E7, ET-1 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-1 infusion days; R1-R5, 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-kg’-min’, i.v. (n=7). Asterisks indicate significant
difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,
ET-1 infusion days; R1-R5, 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-1 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™’-min?, i.v. (n=7). Asterisks indicate significant
difference (P<0.05) from control day measurements. C1-C3, control days; E1-E7,
ET-1 infusion days; R1-R5, 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-1 infusion days; R1-R5, 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 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-1 infusion days; R1-R5, 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; R1-R5, 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’-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;
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*-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; R1-R5, 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™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; 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-1 infusion days; R1-R5, 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’-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; R1-R5, 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-1 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 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; R1-R5, recovery days [see text].
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b. Salt-dependency of Endothelin-Hypertension 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' produced significant,
sustained and reversible increases (~25.1%) in MAP (Figure 41) in high salt
infused (6.0 mEq-day”, 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-1 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-1 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-1 infusion produced transient tachycardia
(Figure 42). Infusion of ET-1 in HS rats produced no significant changes in
WB (Figure 46), U,V (Figure 47) or UiV (Figure 48). Plasma electrolytes
(control values: Py,, 143.6+4.7; Py, 4.12+0.14) also were not affected by ET-1
infusion (data not shown). In contrast, infusion of ET-1 at 5.0 pmol-kg"-min"
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-1 (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”-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-1
infusion days; R1-R5, recovery days [see text].
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Figure 42,  Heart rate responses 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-1 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'-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-1 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’-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-1 infusion days; R1-R5, 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’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-1 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"-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-1 infusion days; R1-R5, 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 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-1 infusion days; R1-R5, recovery days [see text].
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Figure 48.  Changes in urinary potassium excretion in response 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-1 infusion days; R1-R5, recovery days [see text].



a. Baroreceptor reflex afferents: Infusionof ET-1intobaroreceptor-intactrats,

at a rate of 5.0 pmol-kg'min’, produced a sustained increase in MAP
(Figure 49), averaging +17 mmHg, without affecting blood pressure lability
(Figure 50). In SAD rats, ET-1 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), WB (Figure 52), U,V (Figure 53)
and U,V (Figure 54) measurements were not consistently different between the
two groups at any time during the protocol. Plasma ET-1 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 pmolkg’min' 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-lP]

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’-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;
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 (SDEV=14mmHg, top panel) demonstrated a consistently
higher SDEV of MAP compared to SHAM rats (SDEV=7mmHg, 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-1 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-1 infusion days; R1-R5, 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 pmolkg’min’, iv. 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 mfusnon
days; R1-R5, 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; R1-R5, 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'-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; R1-R5, recovery days [see text]. _
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Figure 55.  Changes in plasma ET-1 concentration, [ET-1], in response to 7-day
chronic infusion of ET-1 at a dose rate of 5.0 pmolkg’min”, i.v. in normal
(SHAM, n=5) or sino-aortic denervated (SAD, n=7) rats. [ET-1], was measured
once during the control period (C3), twice during the ET-1 infusion period (E3
and E7) and once during the recovery period (R4). [ET-1], was significantly
higher in SHAM rats during the control period (~3x) and was not significantly
effected by ET-1 infusion. [ET-1], in SAD rats, however, was significantly
elevated (~3x) in response to ET-1 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 ablation: Endothelin-hypertension was not altered by

APX. As shown in Figure 56, during the ET-1 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 despi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>