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FERY
ABSTRACT

The hypothesis that endothelin (ET-1) is the endogenous ligand for

(SRTX ) was examined. The actions of ET-1
and SRTX-b were compared with those of the well characterized
vasoconstricter, norepinephrine (NE). The rationale was to identify and
compare the transduction-effector mechanisms of these peptides versus NE in
vascular and non-vascular smooth mus.-les.

In this study, the rat aorta and anococcygeus muscles were used as
representatives of vascular and non-vascular smooth muscle, respectively.
The role of extracellular Ca?* was studied by omitting ca?* from the
physiological saline solution, and the contribution of voltage-operated ca?
channels (VOCCs) assessed by determining the effects of nifedipine. In
addition, the effects of ryanodine, which interferes with the release of
cellular Ca?*, was also studied. The roles of arachidonic acid products were
determined by studying the effects of the cyclooxygenase inhibitor,
indomethacin, and the lipoxygenase inhibitor, nordihydroguaiaretic acid
(NDGA). The contractions elicited by ET-1 and SRTX-b (10 nM), or NE ( 1 pM)
were approximately equieffective in terms of tenmsion developement and
correspond to ECsp values, and these concentrations were thus used throughout
the study. In Ca’*-free Krebs, the three agonists generated approximately
similar levels of tone in the aorta and t'e anococcygeus corresponding to 18
and 5 % of the maximum response, respectively. Nifedipine, 10 M,
significantly inhibited responses to ET-1 in both the aorta and anococcygeus;
the responses to SRTX-b and NE were, however, not significantly affected in
either tissue. A combination of 10 uM ryanodine and nifedipine caused near

complete inhibition of response to ET-1 in the aorta and also significantly

§



iv
reduced the response to both ET-1 and NE in the anococcygeus. The
lipoxygenase inhibitor, NDGA, inhibited the response to ET-1 in tde aorta and
ET-1 and NE in the anococcygeus muscle. The cyclooxygenase inhibitor,
indomethacin, however, had no effect on the responses to any of the three

agonists in either the aorta or anococcygeus. At concentratiors gri

er than
30 n# both ET-1 and SRTX-b induced myogenic activity in normally quiescent
anococcygeus muscle. As determined by the loss of myogenic actlivity, the
tissues recovered more rapidly from SRTX-b than ET-1, with complete recovery
apparent after 2.62 # 0.85 and 5.22 + 0.06 h, respectively. Omitting Ca?* from
the Krebs solution reduced recovery times to 1.62 ¢ 0.2 and 2.4 & 0.51 h,

respectively.

In » the studies indicate that a number of cell
signalling processes are activated by ET-1 and SRTX-b in smooth muscle and

this could account for the varied responses. The suggestion that ET-1 solely

acts on the 'SRTX receptor,’ as by Kloog and (1989), is
probably too simplistic. Results from this study also indicate that tissue
variability does exist and, iadeed, subclasses of ET/SRTX receptors have been

inferred by others (Yanagisawa and Masaki, 1989b; Nayler, 1990).
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Chapter 1
INTRODUCTION
1.1. Vascular tone.
The control of vascular tone has continued to be an enigma to physicians
and medical researchers alike, the plurality of antihypertensives attest to
this. Whatever its cause,and theorles abound, the characteristic hemodynamic

feature of ion is a sustained in total peripheral vascular

resistance, with variable cardiac output (Lund-Johansen, 1977). Control of
resistance and capacitance functions in peripheral circulation has been shown
to be dependent on the tone of vascular smooth muscle (Mellander and
Johansson, 1968).  Vascular tone is harmoniously controlled at various
levels; extrinsically by neural and humoral inputs and intrinsically by the
properties of structural components of the smooth muscle. Consequently,
hypertension may be viewed as a failure of circulatory regulation by one or
more of these mechanisms (Brody et al., 1980). This view is not shared by
Folkow (1990) who emphasizes that structural changes of resistance vessels

are the key site of disturbance in essential hypertension. Nonetheless,

i 1d points to a L at the cellular level, in the
regulation of vascular tone as at least a contributing factor to the etiology
of hypertension (Mulvany, 1989; Triggle, 1984), Thus, studies of the various
influences that can affect the level of vascular smooth muscle tone are
central to furthering our understanding of not only normal control processes
but also changes that may prove to be the basis for hypertensids disease.
since this thesis concerns the pharmacology of a family of potent

vasoconstrictur peptides, the endothelins, the intfoduction will focus on
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processes that regulate vascular tone. Thus, it is apparent that vascular
smooth muscle is exposed to a wide array of stimli ranging from mechanical
to chemical, which may be excitatory or inhibitory, and that vascular tone at

any point in time is the algebraic sum of responses to these inputs. Most,

Lf not all, of these events or stimuli are mediated by receptor activation,

signal and hysiologi which, in

this case, would be contraction or relaxatien.

for tters such as e and acetylcholine

are no longer abstract concepts as it has become possible to biochemically

solubilize and isolate them and, with 1 1 biological

d

rmine their amino acid sequence. We now know that these receptors are
membrane proteins with distinct configurations. The wide array of stimuli
earlier mentioned arrive at the receptor either as mechanical signals, such

as stretch, which in the intact organisx may be a rise in intravascular

ai or 1 stimuli applied directly or induced by

chemicals (e.g. pot:

ium chloride or by a wide variety of neurctransmitters
ranging from simple amino acids, such as glycine, to polypeptide hormones and

the well known

v ine and ines).

The first step of receptor activation involves the binding of a given

ligand to its Pt with a ltant 1. change. The
conformational change in the membrane receptor induces a high affinity state

for agonist in the pr

nce of guanine nucleotides (Cassel and Selinger,
1976). It was later shown that the quanine nucleotides were bound to certain
proteins now simply referred to as G-proteins or guanine nucleotide binding

proteins (Delean et al., 1980). It is becoming cl

r that plasma membrane

belong to lly related families such as the G protein
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coupled receptors or ligand-gated ion channels (Schofield and Abbott, 1989),
Indeed, nine different genes have been found to code for G proteins
(Freissmuth et al., 1989). The G-protein is a trimer made up of a, B and y

subunits which are y for i with

ptor, but the
dissociatlon of subunits is required for activation. Thare appears to ba a
consensus of opinion that the a subunit, which binds the activated receptor
and GTP, effects the transduction process to the amplifier enzyme system in
an agonist-dependent manner (see Figure 1). Tho presence and preponderance
of these amplifier enyzmes appear to be tissue dependent and their activation
is agonist dependent. Thus, the activation of adenylate cyclase and the
resultant increase in cAMP in cardiac muscle leads to lncreased contractile
ability whereas in smooth muscle the increase in cAMP leads to relaxation
(sharma and Bhalla, 1989).

The second messengers produced by the amplifier enzyme phospholipase ¢
viz, DAG and IPs, act interdependently. Inositol 1,4,5-trisphosphate (IPj)
induces the cell to mobilize still another messenger, calcium ions (Ca?*)
from endoplasmic (sarcoplasmic) reticulum or calcisome depending on the cell
(Berridge, 1985). In gemeral, the second messengers bind to regulatory

components of a protein kinase, an enzyme that activates or inhibits a

cellular response such as or by adding phosphoryl(P0O3")
groups to particular proteins. Calcium binds to a family of proteins
including calmodulin and troponin C. In turn, calcium-calmodulin activates
a protein kinase. Activation of proteln kinase C (PKC) requires Ca?® and
phosphatidylserine, and dlacylglycerol increases the affinity of PKC for
these activators. Protein kinase C selectively phosphorylates serine and

threonine residues. It is now generally believed that the major mechanism of



Figure 1:

Schematic representation of receptor activation by agonist and
some post receptor events.

A, agonist; R, receptor; a, 8, y, subunits of GTP binding

protein; GTP, It PLA, ipase A;; PLC,
phospholipase C; PIP,, phosphatidylinositol 4, 5—bisphosphate; DAG,
diacylglycerol; PKC, protein kinase C; PC, phosphatidylcholine;
PA, phosphatidic acid; IPs, lnositol 1,4,5-trisphosphate; SR,

sarcoplasmic reticulum.
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regulation of contraction is through binding of Ca?* to calmodulin and of the
Ca?*-calmodulin complex to myosin light chain kinase, followed by myosin light
chain phosphorylation that permits activation of myosin ATPase by actin (Kamm
and Stull, 1985).

The initiation of contraction is brought about by a transient rise in
cytosolic calcium when a cell is stimulated by an external signal. The ca?*
enters through channels that are selective or relatively selective for this
ion and simultaneous release from intracellular stores aids in the transient
rise of cytosolic calcium. Some channels are voltage-dependent and open when
the action of a ncurotransmitter leads to changes in the transmembrane
voltage differences that normally exist across the membrane ; and others open
when a hormone or neurotransmitter interacts with a cell surface receptor
that is linked to channels known as receptor operated Ca?*~channels (Carafoli
and Penniston, 1985). This rise in calcium is thought to be responsible for
the transient or initlal contraction resulting from the cascade of kinase
activation leading to muscle contraction with relaxation resulting when a
fall of cytosolic calcium concentration occurs. The on/off switch role for

ca?* may be idden during a sustained ( 1989).

During a sustained or tenic contraction, the intracellular Ca® concentration
does rise as predicted but only transiently and then it falls back to basal
levels within a minute or so even though active tension is maintained (Morgan
and Morgan, 1984; Silver and Stull, 1982). Rasmussen (1986) postulates that,

during the phase, is on lular ca?* in

spite of the fact that its concentration is no longer elevated. During a
sustained contraction, it appears that a specific Ca**-sensitive enzyme,

protein kinase C, becomes associated with the plasma membrane and in this
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location is responsive to hormonally induced changes in the rate of plasma
membrane Ca® influx rather than changes in Ca?* concentration (Shearman et
al.,1989). Thus, it seems that there is alternd sensitivity of contractile
proteins in the presence of activated protein kinase C at basal Ca’* levels.

The transient rise in intracellular calcium and DAG together cause
protein kinase C to associate with plasma membrana. Unlike IP3, DAG remains
in the membrane; as long as the DAG content of the membrane remalns high,

protein kinase C remains associated with the 1989).

Rasmussen (1989) thus concluded that the transient release of Ca?* from
calcisomes and the migration of PKC from cytosol to plasma membrane are the
hallmark of the initial stages of a sustained cellular response to an
extracellular signal. However, the recent finding by Sunako et al. (1990)
that sustained high levels of diacylglycerol (DAG) do not directly correlate
with increasing or sustalned tension questions the singular role of DAG in
the sustained cellular response. In a comparison of meaaured levels of DAG
in response to angiotensin IT and endothelin-1, Sunako et al. (1990) observed
that a sustained high level of DAG induced by angiotensin was accompanied by
a loss of tension whereas a decrease in the leval of DAG was associated with
increasing tension for endothelin-1.

The key feature of the model 1989) of ined

cellular response is the operation of two temporally distinct branches of the
calcium messenger-system: a calmodulin branch active during the initial
phase of response, in which the transient, IPy -induced rise In the cytosolic
concentration of calcium acts on calmodulin-dependent protein kinases to
alter the phosphorylation of one subset of cellular proteins, and a PKC

branch, in which the rise in calcium n in the domain
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acts on plasma membrane-associated PKC to alter the phosphorylation of a
different subset of cellular proteins involved in mediating the second,
sustained phase of cellular response. This wodel further postulates that the
physical distance between the plasma membrane location of activated PKC and
the contractile proteins can be bridged by kinase cascades, one
phosphorylating the other until contractile protein phosphorylation is
achieved. The evidence in support of this model is that there is
phosphorylation of two high molecular-weight proteins associated with smooth

muscle ion, desmin and calds which are localized in domains of

the cell that are remote from the site of PKC action. In conclusion,
Rasmussen noted that Ca?* appears to operate as an intracellular messenger

only during brief cellular responses or during the initial phases of

sustained Fur a response phase is dependent on
a calcium signal generated in a restricted region of the cell membrane by an
increase in rate of Ca?®* cycling across the membrane. Rasmussen maintains

that this submembrane calcium signal acts on calcium sensitive, plasma

iated to other signals. In essence, it is

the by the rather than calcium, that convey

information from the cell surface to the cell interior. It is,however,
apparent that much remains to be learned about the kinase zascades and the
separate control of calcium cycling and the plasma membrane association of
PKC.

The plar alkaloid ryanodine has proved to be a useful probe for
studying the roles of intracellular Ca?* stores in initiating and sustaining
muscle contraction (Jenden and Fairhurst, 1969). Most studies with ryanodine

have involved investigations of intracellular calcium stores in skeletal and
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heart muscle (Besch, 1985; Lakatta et al., 1985; Sutko et al., 1985). More
recently, Hwang and van Breemen (1987) have used ryanodine to examine
intracellular calcium stores in vascular smooth muscle. Caffeine has also
been used in similar studies (Leijten and van Breemen, 1984; Sato et al.,
1988). The extent to which the different calcium stores in the plasma
membrane, sarcoplasmic reticulum and mitochondria of smooth muscle can be
examined may help to elucidate the nature of the defect in Ca?* alluded to in
the studies by Shibata et al. (1975) and Kwan (1985) concerning changes in
vascular smooth muscle function in hypertension.

Recent studies of endothelial-vascular smooth muscle interactien,
howeves, suggest that changes in endothelial cell function may be of
importance (Liischer, 1990). The endothelium forms an interface between
circulating humoral agents and vascular smooth muscle which, for a long time
was thought to serve only barrier functions with the primary role of
regulating the passage of varied substances between blood and tissues. The
endothelium can also act as an endo-rine organ in response to stimuli and
release prostaglandins, growth factors, relaxing factors and constricting
substances, all of which have potential to modulate growth or reactivity of
the underlying smooth muscle (Loeb and Peach, 1989).

An increase in blood pressure has the potential to alter many of the

normal smooth muscl ium i Endothelial damage potentially

can impair important metabolic functions of the endothelial cell layer,
thereby allowing exposure of the vessel wall to factors with which it
normally does not come into contact (Loeb and Peach,1989). Pressure induced
changes also have the potential to alter the ability of the endothelium to

release smooth muscle conditioning factors or to alter responsiveness of the
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smooth muscle cells and vascular nerve terminals to substances or signals
derived from the endothelium (Loeb and Peach, 1989). Golby and Beilin (1972)

first prop that endothelial injury lted from an elevation in blood

pressure. Subsequently, Huttner et al. (1973) clearly demonstrated that

dothelial bility to h and ferritin was i

in animals made hypertensive by either aortic coarctation or catecholamine

infusion when to ve controls. The changes in permeability

were associated with structural changes in the endothelium such as opening of

stercellular gaps and nuclear pinching. As permeability increases, the

access of tive blood borne to amooth muscle is also enhanced
(Loeb and Peach, 1989).

In addition to acting as a barrier to blood borne vasoactive agents,
either as an actual physical barrier or as a metabolic barrier, the
andothellum can synthesize and release compounds which can increase as well
as decrease blood pressure(see review by Liischer,1990).  Although the
ultimate control of blood pressure is the result of a myriad of competing

signals, an alteration in the synthesis, storage, release or response to

locally acting, tonically endothel could prove
catastrophic to the delicate balance of feedback loops controlling vasoactive
hormone release, neuronal activity levels and central reflexes. The
homeostatic mechanisms normally controlling blood pressure could be disturbed
enough to produce or exacerbate hypertension (Loeb and Peach, 1989). It is
thus apparent that studies of the pharmacology of the factors released from
endothelial cells may prove to be profitable with respect to furthering our
understanding of the cellular basis for the increased peripheral resistance

associated with essential hypertension.
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1.2. Endothelium-derived relaxing factors.
As noted above, certain functions have been ascribed to the endothelium
but the non-recognition of the crucial role it could play in modulating the
functions of vascular smooth muscle, in spite of its strategic anatomical

location is, perh isi

as some may claim, it took the

keen sense of observation of Furchgott and Zawadzki (1980) to indicate to

vascular sts and logists that there is more to endothelium

than just a physical barrier.
The ability of acetylcholine and other muscarinic agonists to produce
marked vasodilatation in various vascular beds in vivo was well established

many years ago

review by Furchgott, 1988). It has also been

that ylcholine and other muscarinic agonists could produca
relaxation of isolated perfused or superfused blood vessels contractad by
stimulation of adrenergic nerves (Rand and Varma, 1970; Steinsland et al.,
1973; Vanhoutte, 1974). Thus, it was to be expected that muscarinic agonists

should produce relaxation of or drug of

isolated preparations of blood vessels (see review by Furchgott, 1988). This
was not the case until 1980 when Furchgott and Zawadzki noted that the non-
relaxation of their helical strip preparations was due to the dissection
technique which denuded the vessels of endothelium. When this procedure was

modified so that damage to the endothelial cell layer was avoided, the

resulting helical strips exhibited good relaxation in response to low
concentrations of acetylcholine. It was by 1ight ,
and also by lect: mi ( et al., 1981), that there

is a direct relationship between the extent of relaxation of aortic

preparations by acetylcholine and the reaction of endothelial cells retained.
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One hypothesis to explain the obligatory role of endothelial cells in

the relaxation of rabbit aorta by acetylcholine was that this agent, acting
on the muscarinic receptor in these cells, stimulated them to release a
substance that, in turn, acts on smooth muscle cells in the vessel media to
activate relaxation. In testing this hypothesis, cascade perfusion and
superfusion procedures have yielded positive results (Griffith et al., 1984;

Forstermann et al., 1984; Rubanyi et al., 1985) and the "sandwich" mounts of

Furchgott and Zawadzki (1980) have been consistently positive. Thus was born
the concept of endothelium-derived relaxing factor (EDRF). The nature of
EDRF has been a subject of controversy ranging from the number of possible
EDRFs to chemical characterization. There seem to be two candidates so far
for the relaxation induced by endothelium. One of them has been named
endothelium-derived relaxing factor (EDRF: Furchgott & Zawadzki, 1980) and
the other has been named endothelium-derived hyperpolarizing factor (EDHF)
(Taylor et al., 1988). EDRF is said to increase tissue cyclic GMP

and p: an el ically-silent 1 ti whereas EDHF

transient hyperpolarization associated with opening of 8%Rb-permeable

K'-channels. This event may serve to initiate relaxation processes and to
close any open voltage dependent Ca-channels (Taylor et al., 1988). The
£indings of Feletou and Vanhoutte, 1988; Chen and Suzuki, 1990; Miller and
Vanhoutte (1989) confirm this postulate. Marshall and Kontos (1990), in a
review of endothelium-derived relaxing factors, have noted that several
suggestions, including those that EDRF is a product of lipoxygenase
metabolism of arachidonate (Peach et al., 1985), a product of cytochrome P-
450 oxygenase (Singer et al., 1984) or a carbonyl-containing compound

(Griffith et al., 1984), have been disproved. Most recently, evidence has
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been gathered suggesting that EDRF generated by acetylcholine in blood
vessels, and by bradykinin in cultured endothelial cells, is nitric oxide
(Palmer ot al., 1987; Ignarro et al., 1987). This view is supported by
pharmacological similarities between nitric oxide and EDRF (Ignarro et al.,
1987), by inhibition of action of both nitric oxide and EDRF by various
pharmacological blocking agents such as hemoglobin and methylene blue (Martin
et al., 1984), and inhibition of production of both nitric oxide and EDRF
from arginine by NS-monomethyl-L-arginine (L-NMMA) (Rees et al., 1989).

In spite of such compelling data,there has been no unanimity of
opinion. Some investigators have been able to identify pharmacological
differences between nitric oxide and EDRF (Long et al., 1987); other
investigators have shown that the amount of nitric oxide released by
acetylcholine from vessels or by bradykinin from endothelial cells is not
sufficient to explain the observed vasodilation (Myers et al., 1989);
finally, other investigators have been unable to find release of nitric oxide

by pin coupled with the use of splin traps

(Rubanyi et al., 1989). That EDRF may be a nitric oxide containing compound
that is much more active in inducing vasodilation than nitric oxide itself
has been suggested.  Nitrosothiols have properties that render them
appropriate candidates for this purpose (Myers ot al., 1989; Wei and Kontos,
1990).

The obligatory role of endothelial cells for the manifestation of
acetylcholine-induced relaxation extends to many arteries in a variaty of
species including dog, cat, guinea-pig and humans (Furchgott and Zawadzki,
1980; Furchgott et al., 1981; Cherry et al., 1982), the unexplained

exceptions being the basilar artery of the dog and coronary artery of the plg



(Katusic et al., 1984; Shimokawa et al., 1987).

The endothel to ine (or to other

vasoactive agents) as noted by Vanhoutte (1989) is not fixed, as it can be

modulated 1y by iables or hormonal status (Miller et

al., 1986; Criscione et a

1989). Chronic modulation by hemodynamic

variables may explain why, in animals and in humans, the endothellium-

to ine (and of the endothelium-dependent
dilators) are considerably blunted in peripheral veins compared to arteries
(De Mey and Vanhoutte, 1982). It ls important to note that acetylcholine
does not circulate in blood and Ln most tissues innervated by cholinergic

nerves, acetylcholin

er

, an enzyme that is remarkably effective in
rapidly destroying the cholinergic transmitter, is present. Hence, to date,
no evidence has been obtained that acetylcholine released from cholinergic

nerves can reach endothelial cells in amounts sufficient to evoke

endothel. However, irculating in the

blood would be potential for endothel.

responses. Indeed, endothelial cells, at least in large blood vessels
carrying oxygenated blood, contain ay-adrenergic receptors that, when

can evoke of the

smooth muscle (Cocks and Angus, 1983; Miller and Vanhoutte, 1985; Vanhoutte
and Miller, 1989). Hence, it is likely that ay-adrenergic endothelium-
dependent effects of catecholamines contribute to vasodilator effects in the

coronary circulation or the splanchnic bed ( 1989).

Finally, it has been known for decades that, when flow increases through
large arteries, dilatation ensues ("£low-induced vasodilatation") (see review

by Vanhoutte,1989). It is now established that this phenomenon is
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endothelium-dependent and can be attributed to EDRF caused by an lncrease in
shear stress. Whether this is secondary to release of autacoid
(acetylcholine, ATP, serotonin or substance P) by certain selective
endothelial cells or to direct activation of all endothelial cells by shear
stress is uncertain (Vanhoutte, 1989).

1.3. Contracting factors.

While searching for possible of endothel.

relaxation to acetylcholine, adenosine diphisphate, arachidonic acid and
thrombin, it was discovered that endothelial cells, when exposed to certain
stimuli, not only produced vascular dilator(s) (Furchgott, 1983; Vanhoutte et
al., 1986), but also vasoconstrictors - so called endothelium-derived
contracting factor(s) (EDCF) (De Mey and Vanhoutte, 1982; 1983). At least twc
different types of EDCFs have been identified (Vanhoutte and Katusic, 1988).
One type is a rapid onset, hypoxia induced, cyclooxygenase inhibitor
resistant EDCF; a rapid relaxation ensues when normoxia returns. This
substance is still unidentified. The time course of action makes it unlikely
that the endothelium-derived contracting factor(s) involved are peptides
released from hypoxic endothelial cells (Rubanyi and Vanhoutte, 1985;

Vanhoutte et al., 1989), since the response to hypoxia is faster than peptide

induced on and can be by a calcium ar.agonist. Indeed,
endothelin is not stored in endothelial cells (Yanagisawa et al., 1988b). A
second type of EDCF is sensitive to cyclooxygenase inhibition, and its
release is induced by a variety of stimuli, including arachidonic acid,
acetylcholine, calcimycin (A23187), sudden stretch in cerebral arteries of
dog, aorta of (SHR) spontaneously hypertensive rat, canine systemic and

pulmonary veins (Miller and Vanhoutte, 1985; Katusic et al., 1987; De Mey and
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Vanhoutte, 1983). Recent studies (see Lischer, 1990) suggest that an
al ion in the duction of the ictor PGH, may be a contributing
factor to the increase in the peripheral resistance iated with tial

hypertenaion. A third EDCF is the peptide endothelin, a factor originally

associated with the supernatant of cultured endothelial cells which produces

a long lasting ion. The in-induced is very
difficult to reverse and it is resitant to cyclooxygenase inhibition but is

by trypsin (Gillespie et al., 1986; Yanagisawa et al., 1988a).

In canine systemic and pulmonary veins, arachidonic acid augmented
contractions evoked by norepinephrine; the augmentation was not observed in
preparations in which the endothelium had been mechanically removed (De Mey
and Vanhoutte, 1982). This observation was the first demonstration that the
presence of endothelial cells can augment, rather than depress, contractile
response of isolated blood vessels. The facilitation by arachidonic acid of

the responses of the endothellum of systemic and pulmonary veins was

prevented by inhibitors of the enzyme but not by i of

in or 14 (Miller and
Vanhoutte, 1985). These findings indicate that venous endothelial cells
could metabolize arachidonic acid into a vasoconstrictor prostanoid, other
than prostacyclin and thromboxane Bz.

Most recently, the fact that attempts to bloassay the endothelium-derived

factor d by 3 line have failed, indicates that a

very labile such as an d ate or oxygen-derived

free radical must be involved or that the substance is only released towards
the abluminal side of the blood vessel wall (Lischer, 1990). Scavengers of

oxygen-derived radicals, such as superoxide dismutase do prevent the
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endothel. to

y ine in the cerebral blood
vessels but not in the rat thoracic aorta (Auch-Schwelk et al., 1989). It is
pertinent to note that the rolaxation of perfused canine femoral artery by

acetylcholine consists of and The i

i with lower ions of acetylcholine and appears
to be cassed by activation of endothelial My-muscarinic receptors; the
sustained component is seen with higher concentrations of the cholinergic

transmitter and can be attributed to stimulation of Mz-mu:

rinic receptors
(Rubanyl et al., 1987). The transient, but not the sustained, response Ls

inhibited by quinacrine and metyrapone, which suggest that the former Lo

diated by a metabolite of arachidonic acid (Rubanyi and Vanhoutte, 1987).

high i of catecholamines inhibit the but

not the transient phase of the response to acetylcholine (Rubanyi et al.,

1985). The endothel. ions to tylcholine occur with

higher of

v ine than those needed to release EDRF

(Lischer and Vanhoutte, 1986).  Thus, with higher concentrations of

acetylcholine, EDRF is still released, however, re

se of the contracting
factor(s) by higher concentration of the cholinergic transmitter blunts the

relaxant effect with a le

The recent review by Lischer (1990) sums up the current trend of
thought, notably that a contracting factor other than endothelin, namely
prostaglandin H, may be involved in defective endothelial cell function in

hypertension. Nevertheless, a role for endothelin has not been ruled out.

1.3.1 Endothelin.

for a tor ial peptide came from studies on

cultured bovine endothelial cells, whose supernatant had contractile
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properties on bovine pulmonary, pig and rabbit coronary arteries (0'Brien and
McMurtry, 1984; Hickey et al., 1985; Gillespie et al., 1986). The existence
of a new vasoconstrictor peptide synthesized by the endothelium was
postulated after ruling out the possibility that angiotensin or substance P
could mediate those effects (Gillespie et al., 1986).

The contractile peptide was isolated and purified from cultured cells of
porcine aortic endothelium by Yanagisawa et al. (1988a). Endothelin was
identified as a 2l-amino acid, potent vasoconstrictor peptide and since it
was reported that there were at least three endothelin genes in the human

genome, the of its ion were ET-1, ET-2 and ET-3

(Inoue et al., 1989). More recently, ET-4 ( intestinal

- VIC) has been isolated from the mouse (Saida et al., 1989) and expressed
predoninantly in the intestine, raising the possibility of tissue specific ET
variants. ET-1 is identical to the form originally isolated from porcine
endothelial cells (Itoh et al., 1988), whereas the amino acid sequence of ET-
3 is identical to that found in the rat genome (Yanagisawa et al.; 1988b;
Inoue et al., 1989). Therefore, it was thought that many mammalian species,
including pig, dog, rat and human produce the three isopeptides of the
endothelin family (Yanagisawa and Masaki, 1989a, b).
1.3.2 Regulation of synthesis and release of endothelin.

A peptide of 203 amino acids is the molecule for ins

These pro-hormones demonstrate species and isopeptide-specific differences in
amino acid sequence (Simonson and Dunn, 1990a). In addition to containing
the mature ET peptide, the prepro-precursors contain a cysteine-rich, ET-like
region (15 residues) that is highly conserved (Yanagisawa et al., 1988a; Itoh

et al., 1988). The biological significance of differences in amino acid
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sequence between the prepro species, and of the presence of an ET-like
peptide within the prepro ET, are unclear.

In cultured endothelial cells, prepro ET-1 is proteolytically cleaved to
form a 38 (human)- or 39 (porcine)-amino acid big ET (Shinmi et al., 1989).
This is subsequently processed to mature ET-1 by the putative 'endothelin
converting enzyme' (Yanagisawa et al., 1988a). Yanagisawa and Masaki (1989a)
have suggested that endoproteolysis may provide an important site for
pharmacological intervention.

It appears that vascular endothelial cells do not produce ET-2 or ET-3;
only ET-1, or its mRNA, can be detected in endothelial cells in culture
supernatant (Yanagisawa and Masaki, 1989a). The expression of ET-2 has not

yet been convincingly demonstrated in any tissue. Shinmi et al.(1989) have

that ET-3 material is present in porcina brain
homogenate. In addition, endothelin and related peptides can be synthesized
and secreted from renal epithelial cells (Shichiri et al. 1989) and
intestinal cells (Saida et al. 1989) of non-endothelial origin.

Most recent studies (MacCumber et al., 1989; MacCumber et al., 1990;
Yoshizawa et al., 1990) show that ET isopeptides are differentially expressad
only in specific tissues, which suggest that tissue-specific factors control
the rate of ET gene expression. Above cited investigators demonstrated
transcripts for both prepro ET-1 and prepro ET-3 in adult rat lung, kidney,
eye and brain, whereas both ET-3 and ET-1 were abundantly expressed in the
lung. mRNA transcripts for VIC (ET-4) have been found in the murine

intestinal tract (Saida et a

1989). 1In the rat kidney, ET-1 was expressed
predominantly in the medullary vasa recta (MacCumber et al., 1989). The

inability to demonstrate ET-1 gene expression in some adult tissues could
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reflect the relative insensitivity of Northern analysis to detect rare
transcript or poor hybridization of ET-1 and ET-3 probes with
noncomplementary tissue specific ET isoforms (Simonson and Dunn, 1990a).

An important aspect of endothelin biology is the fallure to demonstrate,

in sity, dothel 1 diated by endothelin. It

has been speculated that ET-1 from endothelium is regulated at the level of
peptide synthesis but not at the level of the mechanisms of release
(Yanagisawa and Maskai, 1989a, b). The induction of ET-1 mRNA and/or peptide
by various chemical stimuli has been studied mainly in cultured endothelial
cells. The growing list of physiological stimuli that can increase ET-1
production includes thrombin (Yanagisawa et al., 1588a); transforming growth
factor B (TGF-B) (Kurihari et al., 1989); angiotensin II (Emori et al.,
1989); (Arg)vasopressin (Emori et al., 1989); fluid dynamic shear stress

(Yoshizumi et al., 1989). n I and stinulate

phospholipase C activity in endothelial cells leading to the formation of the
second messengers inositol 1,4,5-trisphosphate (which mobilizes ca?* from
intracellular storage sites) and 1,2 diacylglycerol (which stimulates protein
kinase C). Shear stress also increases intracellular free Ca?* concentration
in cultured endothelial cells , both by stimulating the influx of
extracellular Ca?* and mobilizing intracellular ca®* (Ando et al., 1988).
Indeed, ET-1 mRNA and peptide are also induced by Ca?* ionophores and phorbol
esters (Emori et al., 1989; Yanagisawa et al., 1989). These observations are
consistent with the idea that production of ET-1 in endothelial cells can
both be regulated by intracellular Ca?* and protein kinase C - that is,
possibly by PI turnover signalling in endothelial cells.

The 5' promoter region of human ET-1 gene contains several elements
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to 1 P 11 which are found in other
genes that can be induced by phorbol est..s (Inoue et al., 1989). It also
contains the nuclear factor-1-binding elements that have recently been
recognized to be involved in response to TGF-B. Whether these potential
regulatory DNA elements in the ET-1 gene are actually involved in tha
regulation of ET-1 production by agents such as those listed above will ba
determined by promoter mapping studies.  The lavel of ET-1 mRNA in
endothelial cells may be controlled not only by transcriptional regulation
but also by post transcriptional regulation of mRNA degradation. Half-life
studies using the transcription inhibltor actinomycin D have revealed that
ET-1 mRNA is extremely labile, having an intracellular half-life of about 15
minutes (Yanagisawa et al., 1989). This rapid degradation is specific for
ET-1 mRNA, since f-actin mRNA has a much longer half-life (10-20 h) in the

same cells. Both porcine and human ET-1 mRNA possess several 'AUUUA‘

in the 3* lated regions. These AU motifs have been
recognized to be involved in highly selective mRNA destabilization and are

found in mRNAS certain transientl cytokines, growth

factors and nuclear proto-oncogene products (usually lnvolved in programming
of cellular growth and differentiation). It is concelvable that ET-1 may
also belong to this class of signal molecules.

1.3.3 effects of endotheli

Endothelin has been described as the most potent vasoconstrictor known
(Yanagisawa et al., 1988a). The contractile activity of the different
endothelins in ranked order is: ET-2>ET-1>ET-4>ET-3 (Yanagisawa et al.,
1989; Rodman et al., 1989; Saida et al., 1989).

ET-1 provokes strong sustained contractions in isolated vascular emooth
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muscle preparations in almost all animal epecies and vascular regions

examined including microvessels (Brain, 1989). Other vascular effects of ET-

1 include the stimulation of release of el and endotheli
relaxing factor (EDRF) from perfused vascular beds (de Nucci et al., 1988).
The additional finding that endothelin acts not only on vascular but
non-vascular tissues (Yanagisawa and Masaki, 1989b), has raised questions
about its role in the control of vascular tone. ET-1 has a wide spectrum of
pharmacological effects on non-vascular tissues viz: contractlon of airway
(Uchida et al., 1988), intestinal smooth muscle (deNucci et al., 1988; Borges
et al., 1989), uterine smooth muscle (Borges et al., 1989; Eglen et al.,
1989), cardiac chronotropic and inotropic actions (Ishikawa et al., 1988a, b)
and stimulation of atrial natriuretic peptide release (Fukuda et al., 1988),
inhibition of ouabain sensitive Na*/K' ATPase (Zeidel et al., 1989) blockade

of the antidiuretic effect of n in vivo (Goetz et al., 1988),

modulation of catecholamine release from sympathetic termini and
adrenomedullar chromaffin cells (Tabuchi et al., 1989; Boarder and Mariott
(1989), and the stimulation of aldosterone release in adrenal glomerulosa

cells (Cozza et =l., 1989). of a latory role

has been adduced (Jones et al., 1989; Kokesi et al., 1989). The wide
spectrum of target tissues and of species non-specificity imply that ET-1
might have wide ranging actions in diverse organs. In cultured mesangial
cells (Badr et al., 1989; Simonson et al., 1989), and vascular emooth muscle
cells (Komuro et al., 1988), ET-1 is a potent mitogen and stimulates c-myc
and c-fos proto-oncogene expression resulting in hyperplasia, suggesting a
possible role for ET in vascular remodelling or atherosclerosis (Simenson and

Dunn; 1990b).
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1.3.4 Homology between ET-1 and SRTX-b.
Perhaps the most perplexing finding has been the discovery of a strong

identity between endothelins and as zed

by Kochva et al. (1982), Weiser et al. (1984) and Takasaki et al. (1988), ara

potent 5 tides from the venom of the burrowing
asp (Atractaspis engaddensis), which cause severe coronary spasm and ECG
changes in snake bite victims. The similarity between these two peptides led
Graur et al. (1988/1989) to examine their evolutionary trends, and Kloog and

Sokolovsky (1989) have ed that the biological activity of

endothelin and sarafotoxin are mediated via a common receptor. Indeed, they

suggest that endothelins are ligands for ' in

(SRTX receptors).

Sarafotoxins (SRTX-a, -b and -c) and more recently -d (Bdolah et al.,
1989) are a group of 21-amino acid residue cardiotoxic peptides isolated from
the venom of Atractaspis engaddensis, which are rich in cysteins and show
sequence identity to the mammalian endothelins ET-1, ET-2, ET-3 and ET-4.
Eight naturally occurring peptides of the endothelin/sarafotoxin ‘family' are
now known (Fig. 2). All eight peptides contain 21 amino acids which possess
Cysl, Cys3, Cysll and Cysl5 residues, with disulfide bonds between Cys3 and
Cysil and between Cysl and Cysl5 (Yanagisawa ez al., 1988b, Takasaki et al.,
1988). Reduction of the disulfide bonds of the SRTXs (Kloog et al., 1988),
and of the endothelins (Kimura et al., 1988), results in a marked loss of
binding and activity. Also common to these peptides is the hydrophobic
carboxyl terminal tail Hisl6-Trp2l. Cleavage of Trp2l from ET-1 resulted in
marked loss of vasoconstrictive ability (Kimura et al., 1988). Moreover,

even though Glul7 and Val 19 of SRTX peptides are replaced by Leul? and Ilel9



24
respectively in endothelin peptides, the size and hydrophobic nature of the
carboxy terminal tail are preserved. This replacement, however, appears to
be of little functional significance. For example, '“I-iodinated SRTX-b and

ET-1 pos~ess indistinguishable binding properties and both stimulate PI

( dyl inositide) hydrolysis in various regions of the rat brain and
also in the atrium (Ambar et al., 1989). SRTX-b and ET-1 also exert almost
identical effects on the cardiovascular system, namely coronary
vasoconstriction, which is manifested electrocardiographically in mice by

elevation of S-T segment, induction of atrioventricular block and induction

of positive inotropic and effects ( i et al., 1988a,

Takasaki et al., 1988; Wollberg et al., 1988; Ru Hu et al., 1988; Ishikawa et

al., 1988a, b). ation between ET-1 and SRTX-b
induced changes in phosphoinositide turnover in neurons has also been
demonstrated (Lin et al., 1989).

1t is aleo interesting to note that in all endothelin/SRTX peptides, the
N-terminal sequence is Cysl-Ser2/Thr2-Cys3; SRTX-a, SRTX-b, ET-1, ET-2 and
ET-4 (VIC) contain Ser2, while SRTX-c, SRTX-d and ET-3 contain Thr2.
Takasaki et al. (1988) argue that it seems unlikely that the lower toxicity
of the latter three peptides compared to the former, and the vasodilatory
activity of both SRTX-c and ET-3, are due to substitution of the threonine
for serine in position 2 on the grounds that the properties of these two
residues are rather similar. Thus, the most important differences between
the various peptides of endothelin/sarafotoxin 'family’ reside within the
sequence of the inner loop Cys3-Cysil. All the peptides possess GlulO, and,
except for SRTX-c, they have Asp8-Lysd. Therefore, the sequence at position

4-7 represents the variable reglon of the endothelin/SRTX peptide ‘family'
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(Kloog and Sokolovsky, 1989). Thus, unlike the 'constant' C-terminal tail of

these their are variable. Another interesting
difference between the various endothelin/SRTX peptides involves their net
charges which appear to derive from variations in the loop created by their
disulfide bonds. For instance, SRTX-a and SRTX-b each have two positive and
three negative charges and ET-1 and ET-2, with one positive and two negative
charges would all have a net charge of -1 within the loop; SRTX-c (with four

negative charges) would ha

a net charge of -4, and ET-3 (with two positive
and two negative charges) would have a net charge of O. As SRTX-b and ET-1
have similar vasoconstrictive and cardiotoxic effects, which are different
from those of SRTX-c and ET-3, it seems that an overall net change of -1
within the Cys3-Cysll loop is required for biological activity (Kloog and
Sokolovsky, 1989). The absence of this single net charge in SRTX-c and ET-3
is, aside from their common Cysl-Thr2-Cys3, another common feature of these
two peptides which may contribute to their vasodilatory activity. However,

the marked difference between the intraloop charg

of SRTX-c (-4) and ET-3

(0) may not explain the di in and/or of binding,
and second messenger systems utilized by SRTX-c and ET-3 versus ET-1 or SRTX-
b (Kloog and Sokolovsky, 1989). It should be stressed that SRTX-d differs
from SRTX-b in two substitutions, which apparently do not affect binding in
rabbit aorta, but do result in considerably lower lethality and
vasoconstrictor potency (ECs) values of 90 nM and 5 nM, respectlvely; Bdolah
et al., 1989). From the functional point of view it is interesting that
SRTX-c and SRTX-d are the least toxic. Although a lower binding affinity to'

heart and brain and lower tide and

vasoconstricting activiti

have been claimed for SRTX-c (Takasaki et al.,
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1988; Kloog et al., 1988), SRTX-d has been shown to have similar binding
characteristics to SRTX-b but less efficacy as a vasoconstrictor (Bdolah et
al., 1989). According to Graur et al. (1988/1389), the suggestion that the

C-terminal 'tail' is eseential for activity (Y 1gas et

al., 1988b) seems less likely as this tail differs between the two groups
(mammal versus snake), but it is virtually identical within each group with
the exception of SRTX-d which has an ET-like tail. For instance, SRTX-b and
ET-1 are both potent vasoconstrictors, and differ in thelr C-terminal
tails', while SRTX-b and SRTX-c on the one hand, and ET-1 and ET-3 on the
other, which have similar tails differ in their vasoconstricting powers by an
order of magnitude (Yanagisawa et al., 1988b; Wollberg et al., 1988).

1.3.5 Endothelin and

The existence of four endothelin peptides also raises the possibility of
existence of multiple endothelin receptor subtypes (Yanagisawa and Masaki,
1989b; Saida et al., 1989). However, in cultured rat aortic smooth muscle
cells, a single class of saturable, high affinity binding sites for {'®I)ET-1
has been described (Hirata et al., 1988b). There is no unanimity in classes
or subtypes of receptors; thus Watanabe et al.(1989) have defined two

distinct types of ET on chick cardiac membranes. Kloog et al.

(1989), using homogenates of rat atria, aorta, uterus, cerebellum, caudate

and putamen, indicated of ET/SRTX and adduced evidence
for three receptor subtypes. More than one receptor has been proposed in
blood vessels: a receptor with high affinity for ET-1 may mediate the
vasoconstrictor response in vascular smooth muscle cells, whereas a receptor
with higher affinity for ET-3 may be involved in the endothelin-induced

release of EDRF from endothelial cells. Binding studies with synthetic
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sarafotoxin suggest the existence of a heterogeneous population of vascular
receptors for endothelins and sarafotoxins (Hirata et al., 1989) since the K;
value for SRTX is apparently greater than the apparent Ky value for the
vascular ET receptors. Furthermore, Ambar et al. (1989) have demonstrated
marked differences in the affinities of 'ZI-SRTX for its binding sites in
various tissues of the rat. Activation of endothelin receptors is associated
with an increase of phosphoinositide turnover except in cultured vascular
smooth muscle cells (Hirata et al., 1988b), suggesting the existence of a
specific receptor-phospholipase C system. This system can aleo be stimulated
equally by sarafotoxins (Lin et al., 1989; Kloog and Sokolovsky, 1989; Hirata
et al., 1989). The fact that stimulation of phospholipase C by ET-1 in rat
aortic cells involves a pertussis toxin-insensitive G-protein allows for the
speculation that the receptors for endothelin belong to a G-protein coupled
superfanily (Yanagisawa and Masaki, 1989a).  Furthermore, Tabrizchi and
Triggle (1990) have provided in_vivo evidence from pithed rats that, in
vascular smooth muscle, a component of the response to ET results from
activation of a pertussis toxin-sensitive G-protein that is coupled to a
receptor operated calclum channel and/or non-specific cation channel.
Autoradiographic studies have demonstrated the existence of endothelin
receptors not only in vascular tissue, but also in rat brain, kidney, lung,
adrenal gland and intestine (Jones et al., 1989; Kokesi et al., 1989). Long
lasting effects of endothelin appear to be directly related to the nature of
the interaction with the receptor(s)and. Thus, the dissociation of
radiolabelled endothelin has been shown be very slow, with 858 of the initial
cell-bound radicactivity remaining after 2 hours (Hirata et al., 1988b).

Galron et al. (1989) have studied ET-1 and ET-3, SRTX-b and SRTX-c



28
binding in intact cells and homogenates of rat heart myocytes and have
demonstrated higher affinities for ET-1 and SRTX-b than ET-3 and SRTX-c.

With crot

linking technigues Sugiura et al. (1989) were also able to
distinguish ET-binding site proteins from the ay,8 and y subunits of the L-
type Ca-channel. Furthermore, Ambar et al. (1989), using competitive binding
studies in rat atria and brain, had inferred receptor subtypes for ET-1 and

SRTX-b but suggested that the two share a common binding site.

cal id from against ET-1 and SRTX~b reveal
low cross-reactivity between the two peptides (Fleminger et al.1989).
Fleminger et al.(1989) argued that this low reactivity reflects the fact that
the antibodies recognize the variable sequence found within amino acids d4-
7. This hypothesis was confirmed by CNBr cleavage of the methionyl residue
at position 6 in SRTX-b and at position 7 in ET-1 (Fleminger et al., 1989).
On the other hand, the binding properties, as well as the ability to induce
phosphoinositide hydrolysis, were very similar in the modified and native

peptides, indicating that, despite cl

age of the peptide bond, the

1ly active responsible for either binding or
phosphoinositide hydrolysis is retained. Probably this retention of activity
reflects the importance of the two disulfide bonds. It thus appears that
nelther the argument for a role of the charge of(-1) on the peptides loops of

ET-1 and SRTX-b , nor similarities or dissimilariti in the C-terminal

'tall' of the two groups of peptides (ET/SRTX) can adequately explain their
contractile or biochemical properties. bPerhaps the only characteristic
-iistinguishing the weak from strong contractile peptides is threonine at

position 2. However, even the of at it 2 does not

ccifer differing binding properties for the potent contractile SRTX-b versus
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the weakly contractile SRTX-c (Bdolah et al., 1989). In this context, the
findings of Graur et al. (1988/89) must be emphasized as there is a strict
conservation of the C-terminal amino acid sequence in the mammalian versus
snake peptide except for SRTX-d which has Ile-Tle-Trp of the mammalian group

at position 19, 20 and 21, 1y. the 1

activities of SRTX-d and ET-1 differ. It is also interesting to note that
the C-terminal hexapeptide, endothelin (16-21), differentiates between
endothelin receptors in the rat aorta and guinea plg bronchus, where it is
neither an agonist nor antagonist in the former but a full agoaist in the
latter (Maggl et al., 1989). Cleavage of Trp2l from ET-1 and SRTi-b resulted
in marked loss of vasoconstrictive ability (Kimura et al., 1988; Nakajima et
al., 1989). If vasoconstrictive ability is so dependent on Trp2l, it follows
that all eight peptides should be equieffective since all have Trp2l; but
this is not the case. The common factor of Trp2l and variable potencies of
the eight peptides lend credence to suggestions of Kloog and Sokolovaky
(1989) that the variability of the C-terminal tall is of little functlonal
significance. The recent report by Galron et al, (1990), that different

pathways are utilized by endothelin and sarafotoxin subsequent to

y is inrat myocytes, lends credence to our hypothesis
that the different seven amino acid sequence between ET-1 and SRTX-b may lead
to different cell binding and/or utilization of messenger systems in
different tissues. Indeed, such dissimilarities between ET-1 and SRTX-b have
already been reported by Goetz et al. (1989) for the effects of the two
peptides on renal blood flow. This latter cbservation provides evidence for
the report that there are two specific receptors inthe rat kidney mesangial

cells (Sugiura et al., 1989) .
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Mechanisas of action of the endothelins/sarafotoxins.

In the original paper of Yanagisawa et al. (1988a), it was suggested
that endothelin may act directly on membrane ion channels. This hypothesis
was supported by the similarity between the structure of endothelin and those
of the a-scorpion toxins, which are known to bind to the tetrodotoxin-
sensitive Na-channels. Based on the sensitivity of endothelin contraction to
nicardipine, and the fact that Na- and Ca-channels belong to the same family
of voltage-dependent membrane ion channels as those sensitive to the a-
scorpion toxins (Tanabe et al., 1987), they proposed that endothelin could
represent the endogenous ligand for L~-type calcium channels. Additional

support for this hypoth

was obtained with the observation that, using

patch clamp techniques, ET-1 activated calcium influx currents through

di di g i (Goto et al., 1989). In
addition, it has been reported that, in the rat aorta and portal vein, the
contraction and “5Ca uptake induced by endothelin, but not those caused by a-

scorpion toxin or were to

and Na removal, whereas nifedipine, nitrendipine, verapamil, nickel and Ca-

free medium inhibited these processes (Borg

et al., 1989; Eglen et al.,
1989).
There 1is, however, experimental evidence that contradicts this

hypothesis. Indeed, Auguet et al. (1988) also observed that, in the rat

aorta, the vasoconstrictor effects of endothelin and also the dihydropyridine

Bay K 8644, an agonist at the L-type Ca-channel, were different, and Bay K

8644, but not endothelin, required a partial pi arization stimulation
in order to evoke contractions. Furthermore, the effects of endothelin were

comparatively insensitive to nifedipine, nitrendipine, verapamil, diltiazem
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or gallopamil, whereas those of Bay K 8644 were markedly reduced (Auguet et

al., 1988; Criscione et al., 1989). In the rabbit aorta, the endothelin

mediated contraction was to nifedipine, nicardipine and verapamil
(Ohlstein et al., 1989), and in the mesenteric artery and jugular and
mesenteric veins of this animal, nicardipine blocked Bay K 8644 avokad
contractions but did not affect those produced by endothelin (D'Orleans-Juste
et al., 1989). It has been reported that the hyperpolarization elicited by

the K'-channel opener, cromakalin, reduced endothelin-mediated

in rat aortic strips (Criscione et al., 1989) Dichlorobenzamil, a blocker of
Na*-ca?* exchange, also inhibited endothelin-mediated contractions; amiloride,
had no effect (Criscione et al., 1989). The effects of dichlorobenzamil may,
however, reflect the non-selective inhibition of endothelin-activated cation
channels and not result from inhibition of the Na*-Ca?* exchange system (Van
Renterghem et al., 1989; Criscione et al., 1989). The electrophysiological
studies of Walln&fer et al. (1989) and Van Renterghem (1989) have been most
illuminating in elucidating the mechanism of action of endothelin 4in

comparison to other ist van (1989) that the

electrophysiologic effect of ET-1 involves three types of channels. The
f£irst electrophysiological effect of ET-1 in spontaneously active cells is a
transient hyperpolarization, during which the spontaneous electrical actlvity
of the cell stops. It is followed by depolarization and a recovery of the
electrical activity with a higher frequency. In cells with no spontaneous
activity, ET-1 also produces a hyperpolarization followed by a depolarization
during which a splking activity is triggered. In the presence of a 1,4~
dihydropyridine (DHP), ET-1 still produces a depolarization following a

transient hyperpolarization, but the spiking activity is abolished. The
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transient outward current induced by ET-1 was characterized as a K* current.
It is due to the opening of Ba?* and charybdotoxin-sensitive Ca®*-activated K*
channols which are also involved in the spontanecus activity. The inward
current activated by ET-1 reversed near -1 mV and is due to the opening of

ca* ve cation channel Van et al. (1989)

concluded that ET-1 changes the intracellular Ca®* concentration by two
different mechanisms: (i) it liberates Ca®* from internal stores (presumably
through IP3 production) and (i1) it activates a non-selective cation channel
in the plasma membrane that is permeable to Ca?*. The depolarization induced
by the opening of the non-selective catics channels brings the membrane
potential level near the threshold for L-type Ca?* channel activation and
thereby eventually produces a spiking activity. Consequently, substantial
amounts of Ca? then flow into the cells via L-type Ca-channels. The authors
surmised that it is therefore not surprising that blockers of L-type Ca®*

channels can ellminate a significant component of the ET-induced contractjon.

The remaining i in the of channel
blockers may be due to : (a) Ca®* liberated from internal stores, (b) Ca?*
flowing through non-selective cation channels and (c) to a putative
stimulation of protein kinase C by diacylglycerol., Wallnifer et al. (1989)
have shown that in the mesenteric resiscance vessels (MRVs) of the rat, ET-1
acts as a full contractile agonist, giving tonic contractions equivalent to
those seen with NE and arginine vasopressin (AVP), but it produces only about
35% of the membrane depolarization (-7 mV) produced by NE or AVP (-20 mV).
The reasons underlying this difference have been amply explained by Van
Renterghem et al. (1989). The authors concluded that the degree of

depolarization caused by ET-1 would not alone induce enough Ca?* entry through
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voltage-sensitive Ca?* channels to yield tension (12 mV depolarization with
15 mM K* gave no tension). Hence, ET-1 must evoke other cellular effects in
addition to membrane depolarization in order to activate the MRVs. Indeed,
the sequential or temporal spacing of events, as proposed by Van Renterghem
et al. (1989), seem to provide the missing link to the electrophysiologic

study by Wallnéfer et al. (1989). However, Hay (1990), in examining the

of ET- of the rat aorta in comparison with
the guinea pig trachea, concluded that ET-1-induced contractions of the rat
aorta were more sensitive to the effects of lncubation in a Ca*~free medium,
or with nicardipine or staurosporine, suggesting that differences exist in
the relative mechanisms whereby ET-1 produces contraction in different
tissues.

1.3.7 Pharmacokinetics of endothelin.

Pharmacokinetic studies with endothelin are few. Despite its long
lasting vascular effects, the half-life of this peptide in the plasma is very
short; less than 2 minutes (Pernow et al., 1989). This has been attributed
to a quick extraction of the peptide from plasma during pulmonary circulatlon
(de Nucci et al., 1988) or by renal, splenic and skeletal muscle clearance
(Pernow et al., 1989). In rats, L.v. injected '®I-labeled ET-1 was rapidly
eliminated from the blood stream, and the administered radioactivity
distributed chiefly to the parenchyma of the lungs, kidney and liver (Shiba
et al., 1989). This rapid decay rate was virtually unchanged even when a
pressor amount (1-2 nMol. Kq") of cold ET-1 is co-administered with the
radiolabeled tracer. Nevertheless, the pressor response usually lasts more
than one hour. The extremely slow dLssuclatler‘\ of ET-1 from its receptors

and/or other cellular components in vascular smooth muscle (Hirata et al.,
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1988b) may at least partly account fur the discrepancy betwesn the time-
course for eliminatlon of the exogenously applied peptide from the
circulating blood and that for the pressor effect of the peptide. Within a
few minutes of i.v. injection of 'PI-labeled ET-1, a major fraction of
radioactivity was found in lungs, kidneys, liver and spleen (Kokesi et al.,
1989; Shiba et al., 1989). Moreover, HPLC analysis of the injected 1551~
labeled ET-1 remaining in the circulating blood indicated that its chemical
form was not significantly altered in the blood stream (Pernow et al., 1989;
Shiba et al., 1989). '25I-labeled ET-1 also appears to be very stable in
heparinized whole blood in vitro at 37°C. Thus, the rapid elimination of ET-
1 from the circulation may be due to trapping of the intact peptide by the
parenchymal organs. More recently, Sokoloveky et al.(1990) have shown that
incubation of endothelins (ETs) with bovine kidney neutral endopeptidase
(NEP) resulted in a selective two step degradation with loss of biochemical
activity. The first step was the "nicking® of the Ser5-Leué bond, followed

by cleavage at amino-terminal side of Ilel9. The" nicked" peptide exhibited

1 actlvi to those of intact peptide - i.e., binding
to the ET-receptor, induction of inositol phospholipid hydrolysis and
toxicity. The twice-cleaved product, however, was inactive. On the other
hand, the sarafotoxins (SRTXs) were more resistant to NEP than were the ETs:
the ty, for ET-1 was -1 hour while it was -4 hours for SRTX-b and even higher
for SRTX-c. The authors concluded that the results from these in vitro
findings may indicate a regulatory role for NEP (or similar enzymes) in the
physiological inactivation of ETe. This might also help to explain why,
under physiological conditions, ETs may be less toxic than SRTXs. Neutral

endopeptidase is said to be widely distributed in the body, occurring in
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specific structures in the central nervous syst

kidney, lung and
intestines as well as in neutrophils and fibroblasts, but its concentration
in vascular endothelial cells is very low. The trapping of radiclabeled ET-1
in certain organs, and the availability of neutral endopeptidase at a
relatively high concentration may not just be a coincidence but a physiologic
localization of substrate and enzyme for optimal degradation. Despite their

close 1 and binding ties, this may also be a

noteworthy difference between SRTX-b and ET-1. It may well be that the
structural differences could account for the differences in pharmacokinetics

of the two peptides. Basal concentration of ET-1 in healthy human pl

a
secems to vary from one laboratory to another. Ando et al. (1989) reported a
value of 0.6:2 fmol/ml (meansS.D.), Cernacek and Stewart (1989) reported
0.26£0.24 pg/mL or 104:94 fmol/L and Suzuki et al. (1989) reported 1.520.5
pg/mL (range 0.7-2.4 pg/ml) for females. In disease states such as
cardiogenic shock, levels of 3.65:1.14 pg/mL have been measured (Cernacek and
Stewart, 1989). Hopefully, more data on the pharmacokinetics of endothelin
and sarafotoxin will become available and perhaps, with standardization of
methods, the "normal” plasma concentration of ET will be determined.

In summary, research with endothelin has left us with more questions

tran answers. Notably, what are the roles of in? 1Is

endothelin the cau

or the effect of a pathologic state? Are the signal
transduction pathways of ET-1 and SRTX-b the same? Finally, is endothelin a
‘hormone' or autacold of self-destruction?
1.4. Objectives.

The preceding literature review indicates general agreement on the

following areas:
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(1) Endothelin acts on a wide spectrum of target tissues and lacks

species specificity. Furthermore, endothelin does not originate from
endothelium alone.

(41) Although ET-1 and SRTX-b show biochemical and binding

stics, the exist of receptor subtypes allows for the
possibility of these two peptides binding to distinct receptors and utilizing
different signal transduction pathways.

The overall objectives of the thesis were : A) to compare the

actions of endothelin-1 (ET-1) and sarafotoxin Séb (SRTX-b) with those of a

well characterized agonist, norepinephrine (NE) and B) identify and compare
the transduction effector mechanisms utilized by these peptides with NE.
Experiments were designed to annwer the following questions:

1) Are the contractile mechanisms induced by these peptides and
norepinephrine the same in vascular and non-vascular smooth muscles?

2) Do ET-1 and SRTX-b interact with the same receptor?



Chapter 2
MATERIALS AND METHODS
2.1. Animals.
Male Sprague-Dawley rats (225-250 g) were purchased from Canadian
Hybrid Farms, Halifax, Nova Scotia. These animals were used for all in vitro
studies mentioned in the thesis.
The rats were housed in the animal care facility of the Faculty ‘of

Medici Memorial of land

under minimal disease
conditions, three rats to a cage. The rooms had a 12-hour light, 12-hour
dark, light cycle with controlled humidity and temperature.

At all times, the animals had free access to food (Purina Rat Chow from
Charles River Inc., Montreal) and water.
3:3, Choice of tissue.

The preceding literature review illustrates that a wide range of
tissues have been used in the study of endothelin and sarafotoxin. The major
objective of this study was to determine whether endothelin and sarafotoxin
shared the same membrane receptor-transduction system in smooth muscle. It
was decided that a comparison of a vascular to a non-vascular preparation be

made. The rat muscle and

1 tunica muscularis mucosa

(T4M) were chosen as of the ar smooth muscle, and

the portal vein and thoracic aorta for vascular smooth muscle. The tissue
had to meet the following criteria, to be considered suitable:

(1) resilience of ticsue in long experimental protocol;

(i) repeated use following recovery from exposure to given agonists;

(iii) consistency of results; and
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(iv) sensitivity in terms of response at low concentrations.
2.3. Tissue preparation.

The rats were killed by a sharp blow to the head and exsanguinated
by cervical transection. The thoracic aorta, portal vein, oesophagus and
anococcygeus muscle were isolated and placed in warm (37°C) Krebs solution
continucusly bubbled with oxygen/carbon dioxide (95% O / 5% COz). Adherent
connective tissue was carefully removed from the aorta, care being taken not
to stretch the preparation. Any residual clot was removed from the lumen of
the aorta with fine forceps before cutting the artery into 3-4 mm ring

segments (Goldberg and Triggle, 1977). These rings were suspended between

triangular shaped arterial hooks in a 10 ml organ bath cortaining Krebs

solution, at pH 7.4, double jacketed to maintain a temperature of 37°C and

bubbled with 95% 0, /5% COp the of
experiments. One hook was anchored to a fixed point in the organ bath while

the other w:

connected to the force-displacement transducer.

The portal vein was dissected free of adherent tissue, incised along its
length to form a strip, and tied at both ends with silk (Sutter and Ljung,
1977). The vein was then mounted in an organ bath for isometric force
measurements in a similar manner as described above for the aorta.

The paired muscles were free of tissue

and each tied at its orlgin and insertion before removal from the animal for
suspension in the organ bath with conditions identical as for the vascular
preparations (modified from Gillespie, 1972).

The tunica muscularis mucosa (TMM) of the oesophagus was set up as
described by Bieger and Triggle (1985) and suspended in an organ bath with

conditions identical to those described for the other tissues.



39
All the tissues were set up at a preload tension of 0.5 g, except for
the aortic ring preparation whose preload tension was set at 2 g. The choice
of pre-load tension was based on previously published evidence as to the
optimal conditions for these tissues. The tissues were allowed one hour to
attain equilibrium under resting tension. Isometric tension was recorded on
a Beckman R611 Dynograph using Grass FT 03C force displacement transducers.
2.4, Experimental protocol.
Study 1: Tissue screening.

This study was performed using all four isolated preparations. During
equilibration, Krebs buffer was changed every 15 minutes until the tissue
maintained a stable baseline under the specified resting tension. Generally
this took one hour to achieve. The tissues were always prepared in pairs
except for portal vein which had to be isolated from two rats (attempts at
using two halves from one rat had produced repeated experimental failures).
Each tissue was exposed to NE and, using a concentration range of 107 M to
10 M, a cumulative concentration-response curve was constructed. The
tissues were washed every 10 minutes until a return to baseline was achieved
following which the tissues were allowed 30 minutes of recovery with change
of Krebs buffer every 15 minutes. After recovery, each tissue was exposed to
ET-1 and, using a range of 1072 M to 107 M, a cumulative concentration-
response curve was constructed. The tissues were washed every 10 minutes
until a return to baseline was achieved. Since, with SRTX-b, recovary was
rarely complete on a given day, the same protocol was repeated on other

experimental dates. From these it was ible to d ine the

threshold concentration of response (sensitivity) of each tlssue and

determine ECsy values for the different agonists as well as their racovery
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time in physiologic buffer (Krebs). In the case of the oesophagus
preparation, a muscarinic agonist, cis-dioxolane (CD) was used to test the
viability of the TMM before determining the effectiveness of NE as a
spasmolytic agent.

Study 2: Role of extracellular calcium (Ca).

Anococcygeus muscle, which showed most resilience, was initially used
for this study. All other conditions earlier stated in Study 1 were
applicable except the omission of Ca?* from the Krebs buffer. A pair of
anccoccygeus muscle was obtained from each rat and one of each pair was used

as a control in which the Krebs buffer had Ca?* at normal concentration.

Three curves were beyond the threshold
value of NE for the tissues. Following recovery from NE, ET and SRTX-b
concentration- response curves were constructed under identical experimental
conditions.

Further examination of the role of extracellular Ca®* involved the use
of nifedipine (calcium channel antagonist). In these experiments,
anococcygeus and aorta, having met the earlier defined criteria, were used
for the study. The protocol involved the initial challenge of a pair of

tissu

with NE, ET-1 and SRTX-b at concentrations egquivalent to the ECsg
values, which had been earlier determined, in normal Krebs buffer followed by

re line was achieved. The

ted washing of tissues until a return to b

tigsues were allowed 30 minutes to recover with a change of Cal*-free Krebs
buffer every 15 minutes. Subsequently, ET-1 or SRTX-b 10°® M (10 nM) or 10°¢
M NE was added to the organ rath and a Ca?* concentration-response curve was
constructed. The tissues were again washed every 10 minutes with ca?*-free

Krebs buffer until a return to baseline was achieved and then they were
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allowed another 30 minutes to recover. The next stage involved the addition
of nifedipine (calcium channel blocker) at a concentration of 10 uM to all

the organ baths. These tissu

were allowed one hour incubation in

ni ine before ca?*

ponse curve in the presence
of 1 yM NE, 10 nM ET-1 and 10nM SRTX, respectively. Since nifedipine was
dissolved in absolute ethanol, control experiments to examine the effect of
this solvent were performed.
Study 3: Role of extracellular and intracellular calcium (Ca?%).
Anococcygeus muscles and rings from thoracic aorta were used in this
protocol in pairs. All previous experimental procedures were malntained
except that Ca®* was omitted from the Krebs buffer as was the case for
examination of extracellular calcium. 10 nM ET or 10nM SRTX-b or 1 yM NE
were added to each organ bath and Lf any contractlons occurred in the Ca%*-
free medium, they were allowed to reach a stable plateau, following which a

ca?* curve was Tissues were washed with

Ca?*-free Krebs every 10 minutes until a return to baseline was achieved and

allowed ancther 30 minutes for r y. Ryanodi which with

the release of cellular Ca?*, was added to each organ bath to achleve a

concentration of 10 yM in Ca?*-free Krebs buffer. The ti,

ues were allowed

one hour in before ting a ca?* 4

response curve in the presence of either ET-1, SRTX-b or NE. Subsequently,
they were washed with Ca?*~-free Krebs every 10 minutes untlil a return to

baseline was achieved, following which ryanodine 10 pM wi added and the

tissues allowed to incubate for one hour. Finally, nifedipine 10 yH was
added and the tissues allowed a further one hour incubation and a Ca?*

concentration response curve constructed in the pr

nce of ET-1, SRTX-b and



In order to address the possibility that ryanodine is more effective in
depleting intracellular Ca?® in the presence of an agonist, further
experiments using ryanodine alone, ryanodine with caffeine, and ryanodine
concurrently with an agonist in a Ca®*-free Krebs were designed and run
essentlally using the same experimental protocol.

Further experiments were conducted to examine the effect of other

int llular ca?* namely agonist stimulation with NE, or

a combination of repeated agonist stimulation followed by ryanodine

i before ion of a ca?* curve. To

further evaluate the role of Ca?* in the contractile process of ET-1, SRTX-b
and NE, anococcygeus muscle responses to 10 nM ET-1 and SRTX-b and 1 4M NE
were measured in normal Krebs, Ca-free Krebs, and following ryanodine
treatment in normal Krebs.

Additional evaluation of the role of Ca? in the contractile process
involved the use of the VOCC opever Bay K8644. In these sets of experiments,
a depolarizing (subcontractile) . vel of K (15 mM) in a Krebs buffer, was

used. Isotonicity of Krebs buffer was achieved by substitution of Na' at

equivalent B curves to Bay K 8644 were
constructed for anococcygeus muscle and aorta. The tissues were washed every
10 minutes until recovery was achieved and allowed a further 30 minutes for
complete recovery. Subsequently, 1 nM ET or SRTX-b or 100 n¥ NE were added
to the respective organ baths and concentration response curves to Bay K 8644
repeated.

Study 4: Role of arachidonic acid metabolites.

Paired anococcygeus muscles and rings of thoracic aorta were used for
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this study. They were isolatea and placed in Ca?*-fr

Krebs buffer with

to those previously applied. ca?*
concentration-response curves were constructed in the presence of 10 n¥ ET-1
and SRTX-b and 1 M NE, respectively. The tissues were washed with Ca?*-free

Krebs buffer every 10 minuty

until recovery to baseline was achieved
following which a further 30-minute interval was allowed for complets
recovery. 10 yM indomethacin or 10 4 NDGA was added to each organ bath and

tissues were incubated therein for one hour. Ca?* concentration-respon

curves in the presence of the three agonists were constructed.
Further experiments were also designed in order to address the question
of specificity of NDGA. In these sets of experiments, anococcygeus and

thoracic aortic rings were again used. A control experiment with S0 mM K* in

ca?*-free Krebs was and ca? ponse curves
without and with NOGA. The three agonists ET-1, SRTX-b and NE were examined

in normal Krebs buffer by of agonist

curves without and with NDGA. As with other experiments, and in order to aid
agonist dissociation, the tissues were washed with Ca?*-free Krebs after the
initlal concentration-response curves.

Study 5: Cross-desensitization.

Paired anococcygeus muscles and thoracic aortic rings were used for this
study. Each pair of tissues was placed in a 10 ml organ bath with normal
Krebs solution and maintained under identical experimental conditions, as
earlier defined. A palr of aortic rings and anococcygeus muscle were exposed

to NE and another set to KCl. After the initlal concentration-:

ponse
curves to these two agonists, the tissues were washed every 10 minutes until

recovery to baseline was achieved, then allowed another 30 minutes for full
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y. Threshold ions of ET-1 or SRTX-b (1 nM) were added to
one organ bath with one of a pair while its complementary unit served as a
control . Tissues were allowed to incubate for 1 hour following the addition
of either ET-1 or SRTX-b and then concentration-response curves to NE and KCL
were constructed.

2.5. Composition of buffers (Krebs bicarbonate buffer, adapted from Janis

and Triggle, 1973) [mM].

Normal Krebs buffer (mM): NaCl 118; KCl 4.7; CaCly 2.5; MgSO, 1.2; KigPO,
1.2; NaHCO3 12.5; Dextrose 11.1.
Ca?*-free Krebs was made by omission of CaClp from the above with the addition
of 0.01 mM EGTA.
High X' Krebs (mM) NaCl 107.7; KCl 15; CaClp O; MgSO, 1.2; KiHaPO, 1.27

NaHCO3 12.5; Dextrose 11.1.

Very High K* Krebs (md) NaCl 72.7; KCL 50; CaCl, O; MgSO; 1.2; KHzPO, 1.
NaHCO3 12.5; Dextrose 11.1.
ALl constituents were reagent grade and were dissolved in deionized distilled
water.
2.6, Drugs and chemicals.
The following agents were used: endothelin-1 and sarafotoxin (S6b)
(Peptides International, Louisville, KY).

NE, indomethacin and NDGA were purchased from Sigma Chemical Co.,(St.

Louis, MO).
Natick,

Ryanodine and cis-dioxolane ( Biochemicals
HA).
caffeine was obtained from J.T. Baker Co., Phillipsburg, NJ.

Nifedipine waw a generous gift from Bayer, Leverkusen, W. Germany.



{
{
H

45

Ryanodine, nifedipine, indomsthacin and NDGA were prepared as stock

solutions of 102 M in absolute ethanol; 10 4L of stock solution added to 10
ml organ bath brought the bath concentration to 10°% M.

All other reagents, of analar grade, were dissolved in distilled water

and where iate, pH for 1 solubility were made with
NaOH or HCl.
2.7, Statistics.

The ECsp values were obtaimed by graphically calculating the
concentration of agonist producing 50% of its maximum response (Fleming,
Westfall, DeLaLande and Jellet, 1972).

Where indicated, results are expressed as mean : SEM (standard error of
the mean) calculated by the computer statistical programme of Gustafson, T.L.
statistical significance was determined by Student's t test (one-tailed) for
paired samples or analysis of variance (ANOVA) for independent samples using

the above Pt DL by the 't'-test or ANOVA were

considered to be significant Lf p<0.05. The srmple size (n value) is

indicated in all tables.
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CHAPTER 3
RESULTS
Study 1: Tissue screening
Due to tha failure of the TMM from the rat oesophagus to respond to
either ET-1 or SRTX-b (3 trials),the TMM was omitted from further studies.
Of the remaining three tissues under consideration, the portal vein (Figure

4), showed great semsitivity in two - and amplitude of

its 1 - the were rather erratic (Figure

3). It also was omitted from further studies.

The y and aortic ions met the defined criteria and
were subsequently used for all the in vitro work described in this thesis.
In choosing anococcygeus muscle as the non-vascular smooth muscle of choice,
the following useful properties, or characteristics, as enumerated by Goyal
(1984) were considered viz :-

(1) It consists entirely of smooth muscle cells arranged in parallel
bundles to form a sheet, 8o that there is a minimal diffusion barrier
for drug access or ion exchange studies.

(ii) The muscle is represented bilaterally so that control and test
preparations can be taken from the same animal.
Anatomically, this muscle is associated with the intestine but differs in a

number of aspects from intestinal smooth muscle. Intestinal smooth muscle

s ic activity and is inhibited by stimilation of
sympathetic nerves and excited by the stimulation of parasympathetic nerves
(Goyal, 1984). The anococcygeus muscle, by contrast, has a high stable

resting membrane potential of -60 mV, shows no spontaneous activity, elther
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electrical or mechanical, and is excited by sympathetic nerves but inhibit

by a non-cholinergic, non-adrenergic pathway. The nature of this inhibitory
transmitter is unknown (Creed and Gillespie 1973; Creed, Gillesple and Muir,

1975).

vere a d by four

concentration-response curves to NE over a period of four hours. A loss of

tone of about 15% of initial maximal response was noted (Table 1). In order
o determine the optimal concentration range for these tissues and obtain ECsg
values, concentration-response curves to NE, ET-1 and SRTX-b were
constructed. The results of these experiments are graphically presented
(Figure 5), which does not show the full concentration range of agonlsts
examined because the descending limb of the hyperbola has been deleted for
neatness. It was evident that concentrations of NE beyond 107 or 3 x 10°%

for ET-1 and SRTX-b were 1 to tissue and resulted in

a loss of tension or subsequent non-response to these agonist . Furthermore
1074 (0.1 M) of ET-1 or SRTX-b induced myogenic-like activity in normally
quiescent anococcygeus muscle which rendered the tissues unusable for
subsequent experiments in normal Krebs buffer (Figure 6). As determined by
the loss of myogenic activity, the tissues recovered more rapidly from SRTX~b

than ET-1 with complete recovery apparent after 2.62£0.85 and 5.22£0.06 hours

respectively. Omitting Ca?* from the Krebs solution significantly ("t"-test)
reduced recovery times to 1.62£0.2 and 2.40%0.51 hours respectively (Table
2). Thus, a Ca?*-free Krebs buffer was used to wash tissues whenever ET-1,
or SRTX-b, was used in an experimental protocol to hasten tissue recovery

from effects of the peptides. In order to avold the inductlion of myogenic

activity by ET-1 or SRTX-b, concentrations of 30 nM, or greater, were rarely
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used in subsequent experiments. Indeed 10 nM ET-1, or SRTX-b, which
corresponds approximately to the ECsp values of these peptides was used,
unless otherwise stated. Nifedipine, at 10 #M, had no effect on the peptide-
induced myogenic activity.  Generally, contractile responses to ET-1 and
SRTX-b seemed insensitive to nifedipine in the nano-low micromolar range.
Study 2: Role of extracellular Ca®*

Control responses elicited by ET-1 and SRTX-b (10 nM) or NE (1 uM) were
approximately equieffective in terms of tension developed (Figure 7). In
Ca?*-free Krebs, the three agonists generated approximately similar levels of

tone in the aorta and muscle, to 18% and 5% of

maximum response in the controls respectively (Table 3). Muscle tone
generated by the peptides even in the absence of external Ca?*, was maintained

in contrast to that with NE (Figure 8). Nifedipine was used in the

designed to the role of VOCCs in regulating the ent:y
of extracellular Ca®*, Nifedipine (10 M) did significantly reduce by "t"-
teat only (not by ANOVA) the rasponses to ET-1, but not to SRIX-b and NE in
the aorta (Table 4 ; see also Figure 9a,b and c). In the anococcygeus, 10 uM
nifedipine significantly reduced the maximal response to ET-1 (Fig. 10a), but

responses to SRTX-b (Fig. 10b) and NE (Fig. 10c) were not significantly

reduced. However, it is that the in y for ET-
1, SRTX-b and NE was m..e than that observed in the aorta. The persistence

of nifedipine in the tissues was d by ca? n-

response curves in the presence of a stated agonist concentration after
washing every 10 minutes for one hour following the veturn to baseline. In
the aorta, recovery from nifedipine in the presence of ET-1 and SRTX-b did

not occur. The response of the aorta to NE did not show recovery after
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nifedipine application, aithough the maximum contractile raspon:

post
nifedipine washout, approached the control maximum, but, as with the two
peptides there was a decrease in sensitivity as evident by the shift of the
curve to the right (Figure lla, b and c). In the anococcygeus, recovery from
nifedipine in the presence of the three agonists exhibited a similar pattern
(see Figure 12a, b and c). As a result of the incomplete recovery from
nifedipine, tissues which had been axposed to nifedipine were not used for
further investigations.

As summarized in Table 3 , it is evident that simple exposure to a Ca?'-
free medium drastically reduced contractile responses to ET-1, SRTX and NE in
both the aorta and the anococcygeus. To further evaluate the role of Ca?* in
the contractile processes of ET-1, SRTX-b and NE, the responses to 10 nM ET-1
and SRTX-b and 1 uM NE were measured in normal Krebs, Ca®*-free Krebs, and
after treatment with ryanodine for 1 hour followed by re-introduction of
normal Krebs (Figure 13). Anococcygeus tissues, which had been previously
exposed to normal Krebs but were switched to a Ca®-free Krebs immediately
before agonist exposure, demonstrated significantly reduced responses to all
three agonists with the inhibition of responses to ET-1 and SRTX-b being
greater than that observed for NE. Incubation for one hour in a ca?*-free
Krebs plus 10 uM ryanodine, followed by re-introduction of normal Krebs and
agonist, led to an enhancement of the responses to ET-1 and SRTX-b. The
effect on the SRTX~b response was significantly greater than that for ET-1.
The response to NE was not different from the control. Figure 14 illustrates
the effect of the above protocol in the aorta. 1In the aorta, the control
responses of the peptides in normal Krebs did not differ significantly from

each other but each was significantly different from the NE response. In
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Ca?*-free Krebs, the responses to ET-1 and NE were not significantly different
from their control responses in normal Krebs, whereas SRTX-b in Ca¥*-free
Krebs demonstrated a eignificantly reduced response compared to its control.
Like anococcygeus, the response of the aorta to NE in a Ca?*-free Krebs was
significantly higher than the responses to either ET-1 or SRTX-b. In
contrast to studies with the anococcygeus, the post ryanodine responses to
ET-1, SRTX-b and NE in the aorta did not differ significantly from their
controls.

Study 3: Role of extracellular versus intracellular Ca?"

Experiments were conducted to further compare and evaluate the role of
extracellular versus intracellular Ca?* in the contracrile response to ET-1,
SRTX-b and NE. After obtaining the control concentration-response curves to
ca?* in the presence of the appropriate agonist, tissues were washed and
incubated in 10 M ryanodine for one hour following which the Ca?*

concentration-response curves were repeated. Responses to ET-1 in the

ware significantl by ryanodine alone (Figure
15a, b and c). Subsequently, the tissues were again subjected to ryanodine
treatment in the presence of 10 M nifedipine in light proof chambers and Ca®*
concentration-response curves were again repeated in the presence of
appropriate agonist. Responses to ET-1 and NE were significantly reduced in
the anococeygeus but less so for SRTX-b which was not significantly reduced
(Figure 15a, b and ¢). In the aorta, with a combination of ryanodine and
nifedipine treatment, there was marked and significant inhibition of the
contractile response to ET-1 and NE but not to SRTX-b (Figure 16a, b and c;
see also Table 4). The discrepancy arising from visual assessment of

concentration response curves ( Figures 15 and 16 {a, b and c})) against Table
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4 is the result of presentation of data derived from % inhibition of control
maximal response subjected to statistical analysis. Further exploration of
the pools of intracellular Ca-utilized by the agonist was necessitated,
since ryanodine alone did not entirely deplete the cell of the intracellular

ca? utilized for ion. Thus,

to NE even after incubation of
both aorta and anococcygeus with ryanodine were maintained . Patel and
Triggle (1986) had demonstrated intracellular Ca?* depletion by repeated
stimulation of the rat tall artery in Ca?*-free Krebs with NE. Repeated
stimulation with NE can partially deplete the intracellular stores of Ca?*
from both the anococcygeus and aorta, however, there is a CaZ*-pool which
resists depletion even after an extended, and repeated, stimulation with NE

for 2-3 hours (Figure 17a and b). Figures 18 and 19 (a, b and c)

the stics for NE depletion which, when
compared to ryanodine depletion (Figures 15 and 16 {a,b and c) ), were

sinilar, except that dine was more in reduci to

SRTX-b when used with nifedipine. Further attempts to address the question
of which intracellular Ca?* pools are sensitive to ryanodine and/ or NE,
involved experiments in which tissues had been repeatedly stimulated with NE
and then incubated in ryanodine for one hour. The results from studies with
the anococcygeus (Figure 20a, b and c) maintained a pattern similar to thosu
for ryanodine alone (Figure .3, b and c). The results from studies with the
aorta, Figure 2la, b and c,were identical to those obtained following ca?*
depletion with NE alone(Figure 19a, b and c¢). It has been suggested that the
effectiveness of ryanodine in depleting sarcoplasmic reticulum Ca?* is
enhaziced by the simultaneous presence of an agonist. In the anacoccygeus, the

maximal contractile responses to SRTX-b after ryanodine treatment alone or
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ryanodine plus caffeine or concurrent application of ryanodine plus SRTX-b

were tly when comp: to the control responses (Figure 22a,
b and c). However, evaluation of the three treatments by ANOVA showed that

these di were not significantly differeit from each other. Figure

23a, b and ¢ illustrates the response obtained from anococcygeus with 10 nM
ET-1. Evaluation of the three treatments by ANOVA showed these diffaerences
were not significant. In the aorta, treatment with ryanodine, or ryanodine
plus caffeine ,again, resulted in no significant differences from the
respective controls (Figure 24a , b and c). Similarly in the aorta, with
ET-1 as “he agonist, the differences were not significant when examined by
ANOVA as three independent variables (Figure 25a, b and c).

Since nifedipine was only partially effective at inhibiting ca®* entry,
the further elucidation of routes of entry of extracellular Ca?* were
neceseary. For this purpose, a known L-type calcium channel opener Bay K 8644
was used with a partially depolariziny (15 mM K*) Krebs buffer to explore the
effects of ET-1, SRTX-b and NE. Figure 26a, b and c shows the response in
anococcygeus to Bay K 9644 without, and with, sub-threshold concentrations of
1 nM ET-1 and SRTX-b and 100 nM NE. An apparent enhanced contractile
response to the three agonists was noted but these differences were not
statistically evaluated for significance primarily because the responses in
the anococcygeus in the presence of Bay K 8644 (see Figure 27) were not
concentration-dependent. Figure 28a, b and c demonstrates the enhancement
of Bay K 8644 responses in the aorta in the presence of the three agonists
under examination.

Study 4: Role of arachidonic acid metabolites

The role of the production of arachidonic acid metabolites in response



53
to ET-1, SRTX-b and NE was explored by comparing control Ca?* concentration
response curves in the presence of 10 nM ET-1, 10 nM SRTX-b or 1 iM NE in the
absence of or following a one hour incubation with the cyclooxygenase

inhibitor, indomethacin(10 pM). Figure 29 and 30 show no enhancement of the

to the three There were no significant differences from
controls (Table 4).

A further elucidation of the role of agonist-induced arachidonic acid
metabolite production involved the use of the lipoxygenase inhibitor, NDGA.
In the anococcygeus preparation (Figure 3la, b and c), the responses to ET-1
and NE, but not SRTX-b, were significantly reduced by 10 4M NDGA ( Pohl et

al., 1987). In the aorta (Figure 32a, b and ¢), the responses to SRTX-b

and NE were not significantly reduced by NDGA, whereas NDGA significantly
reduced the responses to ET-1.

The issue of specificity of inhibition produced by NDGA was addressed by

which the inhibition by NDGA of the

le to Ca®* in the presence of ET-1,

SRTX-b or NE versus 50 mM K'. Figures 33a and b demonstrate that, in the

Y ion, a significant inhibition of the NE was achieved
(Tabled). A similar, but insignificant pattern of inhibition by NDGA of K*

induced contractions was noted (Figure 33a and b). Figures 34a and b

demonstrate that the reduction of the contractile response by NDGA was not
noted in the aorta with efther NE or K* induced contractions.

Study 5: Cross-desensitization to agonist

Experiments were designed in order to evaluate whather desensitization

of the and the aorta following to

concentration of either SRTX-b or ET-1. Figures 35a and b illustrate the
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effects of the prior of the to a sub le
concentration, 1 nM of SRTX-b, and 1nM of ET-1, respectively, on
concentration-response curves to NE. Prior exposure to SRTX-b (Figure 3sa),
but not ET-1 (Figure 35b), significantly ("t"-test), reduced subsequent

responses to NE. Figures 35c and d illustrate the effects of tie same

on the curves to KCL and indicate that the

presence of ET-1 but not SRTX-b, significantly enhanced the responses to KCL.

In the aorta (Figure

36a - d) neither the prior exposure to 1 nM SRTX-b nor
1 nM ET-1 resulted in a significant ("t"-test) desensitization of the

responses of the ti

to curves to

either NE or KCL. However, significant ("t"-test) enhancement was noted for
KCL concentration-response curves following exposure to 1 nM SRTX-b or 1 nM

ET-1 (Figures 36c and d), and also for NE concentration-

espon:

curves
following exposure to 1 nM SRTX-b (Figure 36a), but not to 1 nM ET-1 (Figure

3sb) .



Figure 2: Anino acid sequences of endothelins and sarafotoxins.
(See 1list of abbreviations for alternative single letter
abbreviations for amino acids.)
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Cys-Ser-Cys-Ser-Ser-Leu-Met-Asp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-His-Leu-Asp-lle-lle-Trp ET-1
Cys-Ser-Cys-Ser-Ser-Trp-Leu-Asp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-Ilis-Leu-Asp-Ile-lle-Trp ET-2
Cys-Thr-Cys-Phe-Thr-Tyr-Lys-Asp-Lys-Glu-Cys-Val-Tyr-Tyr-Cys-His-Leu-Asp-lle-lle-Trp E1-3
Cys-Ser-Cys-Asn-Ser-Trp-Leu-Asp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-His-Leu-Asp-lle-lle-Trp  ET-4
Cys-Ser-Cys-Lys-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Asn-Phe-Cys-Ilis-GIn-Asp-Val-lle-Trp SRTX-a
Cys-Ser-Cys-Lys-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-Phie-Cys-Ilis-Gln-Asp-Val-lle-Trp  SRTX-b
Cys-Thr-Cys-Asn-Asp-Met-Thr-Asp-Glu-Glu-Cys-Leu-Asn-Phe-Cys-His-Gln-Asp-Val-Tle-Trp  SRTX-c

Cys-Thr-Cys-Lys-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-Phe-Cys-His-Gln-Asp-lle-lle-Trp  SRTX-d
1 5 10 15 20

Figure 2 Amino acid of and




Figure 3:  Illustration of the erratic response of the rat portal vela to

ET-1, SRTX-b and NE (n = 6).
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Pigure 4:  Illustrates the response of rat portal vein to SRTX-b with changes
in frequency and amplitude Of response at agonist concantrations

low as 100 u, i
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Figure 5:  Concentration-response curves for ET-1, SRTX-b and NE with the
anococcygeus muscle in normal Krebs buffer. Points are the mean

(% S.E.M.) of n=6. ECy values were obtained from these curve:
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following washout of A) 0.1 uM ET-1; B) 0.1 j: SRTX-b with normal

}f Pigure 6:  Induction of myogenic activity in the anococcygeus muscle
%
i Krebs buffer.
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Table 1: Time-dependent variation in the response of the anococcygeus
muscle to four concentration-response curves cbtained to NE

over a four hour period.

log conc. (M) 1 2 3 4 dours
=7.5 .06 .06 08 .08
-7.0 .41 .30 .31 .40
-6.5 1.21 .81 91 .98
-6.0 2.63 2.03 2.08 2.13
~5.5 4.70 3.83 3.65 3.5
-5.0 7.23 6.7 5.6 5.65
-4.5 8.12 8.0 6.8 6.88

Tissue tension is measured in grams.



Table 2: Effect of Ca?*-omission on recovery time (hours) of thi
anococcygeus muscle from peptide-induced myogenic activity.
Normal Krebs (2.5 mM Ca?*) ca*-free Krebs
ET-1 (n = 4) * 5.20 £ 0.66 *2.40 £ 0.50
SRTX-b (n « 4) 2.62 £ 0.55

1.62 £ 0.20

Time values are Means (£ S.

M.
* Denote significant differences (ANOVA) between ET-1 and SRTX-b. p < 0.5 .



rigure 7:

1 the to of ET-

1, SRTX-b and NF at their approximate ECys in : (a) anococcygeus
and (b) aorta. Chart speed throughout this study was maintained

at 0.25mm/sec.
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Table 3: Effect of removal of extracellular Ca®* on contractile responses of

anococcygeus and aorta to ET-1, SRTX-b and NE.

Anococcygeus Rorta
ET-1 (10 nM) 5.16 + 0.81 17.0 ¢ 3.0
SRTX-b (10 nM) 4.98 £ 0.70 15.3 + 1.6

5.92 £ 1.50 21.0 % 2.3

NE (1 uM)

Values are means of percentage maximum control responses ( e.g. in the

presence of extracellular Ca®* ) % S.E.M. (n = 4)
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Table 4. The to ET-1, and NE as to
Mean &

Nifedipine
ana
Rat aorta Ni 5 o
ET-1 18 £3 4%35 ¢ 4 42617 1%92 & 4 t?1 22 1*29 2+ 9
SRTX 4 7 % 1.7 4 24213 t 8¢ 5 4 61 % 20 4 1.7 1.7 3 92 6
NE 178.3£2.3 1 17% 3 13t s 1 "t o8 12 e 4 50 £ 20
Rat Anococcygeus
ET-1 1 94.8 % 0. 1%+ 5 t*35 ¢ 8 1 %46 £ 11 t17 %6 431 ¢ 10
SRIX 195.120.7 4 32211 1 15% 8 t 32:11 T14 27 1 8% 8
NE 4 94,1 £ 1.2 4 21211 T 44t 19 41%22+ 8 T 0.5 9 1™63: 8
All data derived from % inhibition of control maximal response.
* penotes significant difference (p<0.0S) sed by one-way analysis of variance
* Denotes significant difference (p<0.05) from control response as assessed by Student's 't' test for

paired observation.
n = 4 except in (NDOA column) where n = 5

[ ) of agonist and treatment applied in each column is given in the methods section.




Figure 8:

Illustration of the maintained tone induced by ET-1 and SRTX-b
compared to the non-sustaiiad tone induced by NE in Ca®*-free
Krebs buffer.

A) Anococcygeus

B) Aorta
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Pigure 9a, b and c:

Effect of 10 uM ni on ca?

response obtained in the aorta in the presence of:
a) 10 nM ET-1; b) 10 nM SRTX-b; and c) 1 uM NE.
Open and closed symbols represent control and

nifedipine treatment, respectively * S.E.M. (n = 4)
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Figure 10, b and c:

Effect of 10 M nifedipine on ca®

pos in the in the
presence of: a) 10 nM ET-1; b) 10 nM SRTX-b; c) 1
/M NE. Open and closed symbols represent control and

nifedipine treatment,respectively * S.E.M.. (n = 4)
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Figure l1a, b and c:

Illustration of the persistent effect of 10 uM

nifedipine on Ca?* concentratlon-response obtained in

the aorta in the presence of a) 10 nM ET-1; b) 10 nM
SRTX~b; ©) 1 uM NE. Control curves # S.E.M. are
represented by open symbols, e.g. O-O, and in the

presence of nifedipine by filled symbols, e.g. ®-@

and post-nifedipine by A-A. (n = 4)
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Figure 12a, b and c:

Illustration of the persistent inhibition following
10 pM  nifedipine application on the ca?*
concentration-response curve obtained in the
anococcygeus in the presence of a) 10 nM ET-1; b)
10 nM SRTX-b; c) 1 pM NE. Control curves t S.E.M.
are represented by open symbols, e.g. O-O, and in

the presence of nifedipine by filled symbols, @.g.

@®-@ and post-nifedipine by A-A. (n = 4)
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Figure 13:

A comparison of the contractile effects induced by 10 nM ET-1,
SRTX-b and 1 4M NE in the rat anococeygeus preparacion in normal
Krebs |l and Ca®-free Krebs XN . The Krebs solution was
switched from normal to Ca?*-free Krebs just before agonist
addition. The effects of ryanodine [N.] were studied by
inculiating tissues in Ca?*-free Krebs and 10 yM ryanodine for one
hour followed by re-introduction of normal Krebs and agonist.
Values represent means t (S.E.M.) n = 6. Statistical differences
between means were assessed by one-way ANOVA.

* Denote significant differences ( p < .05)
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Figure 14:

A comparison of the contractile effects induced by 10 nM ET-1,
SRTX-b and 1 pM NE in the rat aortic ring preparation in normal
xrebs [l . ca’-free krebs BXX . The Krebs solution w

switched from normal to Ca’*-free just before agonist addition.

The effects of ryanodine [N ] were studied by incubating
tissues in Ca’-free Krebs + 10 uM ryanodine for one hour followed
by re-introduction of normal Krebs and agonist. Values represent
means t (S.E.M.). (n = 6)

statistical differences between means were assessed by one-way
ANOVA.

* Denote significant differences ( p < .05)
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Figure 15a, b and c:

Effect of 10 uM dine on Ca?* -

curves obtained in the in the

presence of a) 10 nM ET-1; b) 10 nM SRTX-1; c) 1 uM
NE. Control curves * S.E.M. are represented by open
symbols, e.g. 0-O, and in the presence of ryanodine

by filled symbols, e.g. @~@®, and, in the presence of

10 pM ryanodine + nifedipine by A-A. (n = 4)



(W) [WNIDTVD] 0T

TISSUE TENSION ( g )

-0T1

| 2 ] > =] @
> + + t t
|
a®

»
€3
w1 FO\H\\

D\ '—O\O—i\
’ AN

D—i —0 [ ]

2—

(®



9u

TISSUE TENSION (g)

()

] L

ol %\M M
%

24 m \ >

clm -5 |M |“m lum

LOG [CALCIUM] (M)



TISSUE TENSION(g)

2—

(M[RNIDTVI190T
o
$

B —0

()



Figure 16a, b and o:

Effect of 10 gM ryanodine on Ca? concentration—
response obtalned in aorta in the presence of a) 10
nM ET-1; b) 10 nM SRTX-1; ¢) 1 /M NE. Control
curves * S.E.M. are represented by open symbols,

e.g. 0-O, and, in the presence of ryanodine, by

£illed symbols, e.g. ®~@, and, inthe presence of 10

UM ryandoine + nifedipine by A-A. (n = 4)
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Figure 17 (a and b):

Il in : a) and b) aorta that
repeated stimulation with NE, in a Ca®-free Krebs
buffer can reduce the tissua response to a certain
basal level beyond which further attenuation is not

possible.



o
3




Figure 18a, b and c:

Effect .of NE-induced Ca? depletion on calcium
concentration-response obtained in anococcygeus in
the presence of a) 10 nM ET-1; b) 10 nM SRTX-b; ¢) 1
M NE. Control curves % S.E.M. are represented by
open symbols, e.g. 0-O, and after NE depletion by

filled symbols, e.g. ®—@ and, in the presence of 10

UM nifedipine, response is by A-A. (n = 4)
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Figure 19a, b and c:

Effect .of NE-induced Ca®* depletion on Ca?*

curves obtained in the aorta
in the presence of a) 10 nM ET-1; b) 10 nM SRTX-b;
©) 1M NE. Control curves ¢ S.E.M. are represented
by open symbols, e.g. O-O and after NE depletion by

filled symbols, e.g.®-@ and, in the presence of 10

M nifedipine, by A-A. (n = 4)
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Figure 20a, b and c:

Effect of sequential NE and ryanodine induced Ca?*
depletion on Ca® concentration-response curves
obtained in the anococcygeus in the presence of a)
10 nM ET-1; b) 10 nM SRTX-b; ¢) 1 uM NE. Control
curves : S.E.M. are represented by open symbols,

e.g. O-O and after NE and ryanodine depletion by

filled symbols, e.g. ® and, in the pri

/M nifedipine, by A-A. (n = 4)
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Figure 21a, b and c:

Effect of sequential NE and ryanodine Ca?* depletion
on Ca?* concentration-response curves obtained in the
aorta in the presence of a) 10 n¥ ET-1; b) 10 nM
SRTX-b; ©) 1 M NE. Control curves ¢ S.E.M. are
represented by open symbols, e.g. O-O and after NE
and ryanodine-induced depletion by filled symbols,

e.g. ®-@ and, in the presence of 10 yM nifedipine,

by A"A. (n = 4)
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Figure 22a, b and c:

Comparative effects of a) 10 uM ryanodine; b) 10 uM
ryanodine plus 0.1 mM caffeine; c) 10 uM ryanodline +
10 nM SRTX-b respectively on Ca?* concentration-
response curves obtained ia the anococcygeus.
Control curves * S.E.M. are represented by open
symbols e.g. O-O and after treatment by a, b and ¢
above, by filled symbols e.g. @~@ . Note that 10 nM
SRTX-b is administered after Ca?* depletion in a and

b. (n = 4)
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Figure 23a, b and c:

Comparative effects of a) 10 uM ryanodine; b) 10 yM
ryanodine plus 0.1 mM caffeine; ) 10 uM ryanodine +

10 nM ET-1 ly on ca®

response obtained in the anococcygeus.  Control
curves * S.E.M. are represented by open symbols e.g.

0-0 and after treatment by a, b and ¢ above, by

filled symbols e.g. @ . Note that 10 nM ET-1 was
administered after Ca?* depletion in a and b. (n

=4)
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Figure 24a, b and c:

Comparative effects of: a) 10 M ryancdine; b) 10 uM
ryanodine plus 0.1 mM caffeine; c) 10 M ryanodine +

10 nM SRTX-b ly on ca? -

response curves obtained in the aorta. Control
curves ¢ S.E.M. are represented by open symbols e.g.

0-0 and after treatment by a, b and ¢ above, by

filled symbols e.g. ®=@. Note that 10 n¥ SRTX-b was
administered after Ca?* depletion in a and b. (n

= 4)
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Figure 25a, b and c:

Comparative effects of a) 10 uM ryanodine; b) 10 uM
ryanodine plus 0.1 mM caffeine; c) 10 uM ryanodine +

10 nM ET-1 1y on ca®

response curves obtained in the aorta. Control
curves + S.E.M. are represented by open symbols e.g.
0-O and after treatment by a, b and c above, by
£illed symbols e.g. ®—@. Note that 10 nM SRTX-b was
administered after Ca?* depletion in a) and b). (n

= 4)




133

% MAXIMUM CONTROL

(a)

240

200+

[
2]
(=]
.
t

-
)
(=}
s
t

@
o
i
t

S
o
4
t

0

o\

ﬂ\ H
O\O

o
et

-56.5

-5.0

-45 —40 -35 -30 -25 —20
LOG [CALCIUM] (M)



134

(b)

200+

160 +

-

V)

=]
t

% MAXIMUM CONTROL
@
=)

>
o
t

3

-

+

-5.0

_45 -40 -35 -3.0 -25 —20
LOG [CALCIUM] (M)



135

(e)

240+
200+
160+

120+

% MAXIMUM CONTROL
@
=]

0 -45 -40 -85 -30 -25 -2.0
LOG [CALCIUM] (M)



Figure 26a, b and c:  Effect of a) 1 nM ET-1; b) 1 nM SRTX and ¢) 100 n¥
NE on the Bay K B644 concentration-response curve
obtained in anococcygeus. Control curves * S.E.M.
are represented by open symbols e.g. O=O and after

application of a, b and c above, by filled symbols

@®. (n=4)
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Figure 27: Ill ion of the of the

(a) in to the

response of the aorta (b) to Bay K 8644.
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Figure 28a, b and c:  Effect of the presence of a) 1 nM ET-1; b) 1 nM
SRTX-b and ¢) 100 n¥ NE on Bay K 8644 concentration-
response curves obtained in the aorta. Control

curves + S.E.M. are repr

nted by open symbols e.g.
0-0 and after application of a, b and ¢ above by

£illed symbols e.g. @-@® . (n = 4)
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Figure 29a, b anc c:

Effect of 10 M indomethacin on the ca?*

curve btained in the
anococcygeus in the presence of a) 10 nM ET-1; b) 10
nM SRTX-b ; and ) 1 yM NE. Control curves * S.E.i.
are represented by open symbols @.g. O-O and after
application of indomethacin by filled symbols e.g.
0-®. (n=4)
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Figure 30a, b and c:

Effect ©of 10 uM indomethacin on tha ca®*
concentration-response curve obtained in the aorta
in the presence of a) 10 nM ET-1; b) 10 nM SRTX-b,
and c) 1 uM NE. Control curves * S.E.M. are
represented by open symbols e.g. O-O and after
application of indomethacin by filled symbols e.g.

®-® . (n=4)
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Figure 31a, b and c:

Effect of 10 uM NDGA on the Ca®* concentration-

curves in the ygeus in the
presence of a) 10 nM ET-1; b) 10 nM 3RTX-b; and ¢) 1
MM NE . Control curves % S.E.M. are represented by
open symbols e.g. O-O and after application of NDGA

by filled symbols e.g. ®=-@®. (n = 4)




TISSUE TENSION(g)

—-6

*

LOG[CALCIUM](M)



(W) [RAIDTVOIDOT

156

TISSUE TENSION(g)
N » (=]

) i '

(-]
'

9—

g—

()



157

TISSUE TENSION(g)

(e)

:

L
S

—-40 -35
LOG[CALCIUM](M)

]
-3.0

Im.m

—2.0



Figure 32a, b and c:

Effect of 10 sM NDGA on the Ca?* concentration-—
response curves obtained in the aorta in the
presence of a) 10 nM ET-1; b) 10 nM SRTX-b; c) 1 uM
NE . Control curves ¢ §.E.M. are represented by
open symbols e.g. O-O and after application of NDGA

by filled symbols e.g. @-@® . (n =5)
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Figuro 33 (a and b): a) Effect of 10 yM NDGA on agonist concentration-
response curves in the anococcygeus to:- i) ET-1 0=0 ;
1i) NE A=a; iil) Ca®* concentration-response curves in
the presence of 50 m4 K* 0-0.

b) Effect of 10 uM NDGA on agonist concentration-
response curves in the anococcygeus to :- i) SRTX~-b
v=v; ii) NE O-0; iii) ca? concentration-response
curves in the presence of 50 mM K* O-O,

Control curves * S.E.M. are represented by open symbols,

e.g. 0-O and after the application of NDGA by filled

symbols, e.g. @-@. (n=6)
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Figure 34 (a and b):

a) Effect of 10 uM NDGA on agonist concentration-

response curves in the aorta to :- i) ET-1 0-0; ii)

NE A-A; iii) ca®* concentration-response curves in
the presence of 50 mM K* O-C .

b) Effect of 10 uM NDGA on agonist concentration-
response curves in the aorta to := i) SRTX-b V-V ;
1i) NE a-a; iii) Ca? concentration-response curves
in the presence of 50 mM X* 0-0 .

Control curves ¢ S.E.M. are represented by open
symbols, e.g. O-O and after application of NDGA by

filled symbols, e.g. ®-® . (n = 6)
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Pigure 35a, b, c and d: Effect of SRTX-b and ET-1 on concentration-response
curves to NE and KCL in the anococcygeus :- a) 1 nM
SRTX-b ; b) 1 nM ET-1 on NE concentration-response
curves; ©) 1 nM SRTX~b ; d) 1 nM ET-1 on KCl
concentration response curves. Control curves &
S.E.M. are represented by open symbols, e.g. OO and
atter application of ET-1 or SRTX-b by filled

symbols, e.g. @-@. (n =4)
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Pigure 36a, b, c and d: Effect of SRTX-b and ET-1 on concentration-response

curve a) 1 nM SRTX-b;

to NE and KCL in the aorta
b) 1 nM ET-1 on norepinephrine concentration-
response curves; c) 1 nM SRTX-b; d) 1 nM ET-1 on KCl
concentration-response curves .

Control curves ¢ S.E.M. are represented by open
symbols, e.g. O-O and after application of ET-1 or

SRTX-b by fil'ed symbols, e.g. @-@® . (n = 4)
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CHAPTER 4
DISCUSSION
4.1. General considerations.

This study focused on the similarities and differences between the mode
of actlons of ET-1, SRTX-b and NE on vascular and non-vascular smooth muscle.
The rationale for choosing to compare the responses of both vascular and non~
vascular smooth muscle preparations to endothelin and sarafotoxin versus NE
reflects the widespread biological effects of these peptides on both vascular
and non-vascular smooth muscle, as well as their endocrine effects on the
adrenal glands, kidney and neurchypophysis. A comparison with the effects of
NE was also considered logical since the effects of this amine on smooth
muscle have been extensively studied.

For such a comparison to be valid it was considered important to
minimize the possible variables to a controllable number. Cognisance was
taken of criticism of isolated preparations being in an artificial medium and
perhaps reflecting a non-physiological situation. However, the choice of an
isolated preparation avoids the effects of the peptides on neuronal,
endocrine and cardiovascular variables. Criteria earlier described in the

methods section were used to select the 1 tissues. 1y,

the final choice of aorta and anococcygeus muscle was not only the result of
pharmacological screening but also of the published properties of these
tissues and the fact that both the control and experimental tissues were
obtainable from the same animal.

Furthermore, the choice and emphasis on studying the role and sources of

calcium utilized in mediating the effects of ET-1 and SRTX-b reflects a major
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interest in the role of a cation that is known to carry external signals to

the cell interior with a resultant biologic response. Moreover, calcium has

been implicated in altered smooth muscle reactivity in hypertenaion
(Pitzpatrick and Szentivanyi, 1980; kwan, 1985; Dominiczak and Bohr, 1990),

and the finding of high endothelin contents in bronchial exudat of

asthmatics (Nemora et al., 1989) suggests that the relationship between
calcium, endothelin and smooth muscle dysfunction is an important issue.
The involvement of several amplifier enzymes such as phospholipase C,
phospholipase Az, phospholipase D, adenylate cyclase and guanylate cyclase
in the signal transduction process made it imperative to study the
contribution or impact of the products of these enzymes in the absance of

ng iables of nerves, circulating hormones and their metabolites.

It has been stated that ET-1 and SRTX-b share the same membrane receptor
and cellular mode of action (Kloog and Sokolovsky, 1389) but, since there are
only 66% identical amino acid sequences between ET-1 and SRTX-b (Hirata et
al., 1988a; Watanabe ot al., 1989; Yanagisawa and Masaki, 1989a), this
conclusion may be questioned. Studies based upon differences in recovery
time following contractions to ET-1 versus SRTX-b with recovery in elther
ca?*-containing or Ca?*-free Krebs suggest a role for Ca?* in the binding and
dissociation of ET-1 and SRTX-b to their receptor(s). It is speculated that

these di in t dissociation may reflect the already

noted differences in the amino acid composition of ET-1 versus SRTX-b and
resultant differences in receptor binding properties.

Recently, in an endothelin conference review, Webb (1991) noted that
the IUPHAR Committee on Receptor Nomenclature and Drug Classification

recommended that the ET-1 'selective' receptor described by Arai et al.(1990)
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and which may be the vascular smooth muscle receptor, be named the ET,
receptor, and the nonselective raceptor described by Sakurai, be named the ETg
receptor. The endothelin receptor cloned by Arai has 427 amino acid residues
(48.5 kDa) and that by Sakural et al. (1990) consists of 415 amino acid

residues (46.9 kDa). They contrast remarkably with two receptors earlis

isolated in cultured rat mesangial cells (Sugiura et al., 1989) with Mw. of
58,000 and 34,000. It is unclear whether the differences in molecular weight
of the receptors is a tissue phenomenon or the result of techniques applied
in the Lsolation process.
4.2. Rele of extracellular calcium (Ca?).

The first description of the importance of Ca?* In the fluid bathing
tissues was made by Ringer (1883) and by implication an intracellular

involved in ion. A series of observations then showed that

calcium regulates not only contraction but also many other cellular processes
such as secretion of hormones (Kojima et al., 1985), neurotransmitters
(Israel et al., 1979; Knight and Baker, 1982),and glycogen metabolism in the
liver (Cohen, 1979; Garcia-Sainz and Hernandez-Sotomayor, 1985). Some of the
responses mediated by Ca®* are brief (and often repetitive), but others are
quite prolonged. T a diversity of calcium messenger patterns has come to be
recognized as organizational diversity of calcium messenger systems
characteristic of cell type, tissue or organ (Rasmussen, 1986). Thus, there
is a striking difference in the manner by which Ca?* serves to couple stimulus

to traction in skeletal muscle as to smooth muscle or cardiac

muscle. The ultrastructural arrangement which allows for differential source
or storage of Ca?* has been related to phasic and tonic responses in the three

types of muscles mentioned. In skeletal muscle, a distinct source of Ca?*
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involved in the contraction and ralaxation is the sarcoplasmic reticulum
(Ebashi et al., 1978). Depolarization of the plasma membrane, linked to the
sarcoplasmic reticulum via the T system (a functionai complex), induces the
release of Ca?* leading to contraction; relaxation is achieved by
repolarization and reaccumulation of Ca®* by the sarcoplasmic reticulum (see
review by Rasmussen, 1986). In cardiac muscle, Ca?* cyclem across both the

plasma and the lasmic reticulum Depolarization of

the plasma-membrane leads to an influx of Ca?* through voltage dependent
channels, which results in the release of Ca?* from the sarcoplasmic reticulum
via a calcium-induced calcium release process (Chapman, 1979). The resulting

rise in intracellular calcium initiat a tractil and

relaxation is achieved by a reversal of the Ca®* cycle.

The situation in smooth muscle is quite different as, notably in
vascular smooth muscle, smooth muscle has the capability to maintain a
contractile response for hours with or without depolarization (Bolton, 1979;
Hashimoto et al., 1986). The sarcoplasmic reticulum of smooth muscle has
been shown to be an intracellular organelle of variable size but in vascular
smooth muscle it can be as extensive as in mammalian cardiac muscle and can
accumulate Ca?* and other divalent cations, e.g.Sr?*(Devine et al., 1972). It
is noteworthy that Devine et al. {1972) demonstrated that there is a general
correlation among different smooth muscles between the importance of
extracellular ca?* in receptor-mediated contractile responses and the rclative
volume of sarcoplasmic reticulum in the muscle (see review, Minneman, 1988).
For example, rabbit mesenteric vein had only 2.2% sarcoplasmic reticulum and
depended completely on extracellular Ca? for agonist-induced contractlons,

whereas strips of main pulmonary artery had 5.1% sarcoplasmic reticulum and
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retained a significant contractile response to agonist in the absence of
extracellular ca?* (Devine et al., 1972). Possibly the size of the storage
pool for releasable calcium influences the relative contribution which
extracellular and intracellular Ca? make to agonist-mediated responses in
smooth muscle, although this does not necessarily explain how receptor
activation is linked to both sources of calcium (Minneman review, 1988). In
many muscles, the different phases of contraction have a different dependence
on extracellular Ca? (Bevan et al., 1982). However there is no clear
correlation between phasic and tonic contractions and the importance of Ca?*
influz (see review, Minneman 1988). 1In rabbit aorta and ear artery, rapid
phasic contractions caused by NE are not dependent on the presence of
extracellular ca®* (Deth and van Breemen, 1977), whereas in rat mesenteric
arteries or resistance vessels, NE-induced rapid phasic contractions are
abolished in a Ca®-free medium (Godfraind and Miller, 1983). In rat

anococcygeus muscle, slow tonie contractions to NE are less sensitive to

inhibition by ca?* entry block than are phasic contractions (Oriowo, 1984),
while the reverse holds true in rabbit aorta (Deth and van Breemen, 1977).

The results in Table 3 show the relative contribution of Ca?* to the
contractile process in rat aorta and anococcygeus muscle for ET-1, SRTX-b and
NE respectively to be 17:3%, 15%£1.7% and 21%2.3% of maximal contraction in
the aorta and 5%.3%, 5%.7% and 6%1.08% of maximal contraction in the
anococcygeus muscle in normal Krebs solution. A noteworthy characteristic of
these contractions was that the peptides ET-1 and SRTX~b, whether in ca?*-
free or ca?-containing medium, were able to initiate tonic contractions in
both the aorta and anococcygeus, whereas only phasic contractions to NE were

seen in both the aorta and anococcygeus when Ca?*-free Krebs was used (Figure
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8). These results are consistent with those of Wallndfer et al. (1989) from
mesenteric resistance vessels (MRV).  The fiilure to tone in & Ca’-free
medium after a transient contraction induced by NE in rabbit inferior vena
cava and rabbit aorta has also been noted by Khalil and van Bresmen (1990)
and Miasiro and Paiva (1990) respectively. The finding of a small sustained
contraction induced by the peptides in Cal*-free medium is consistent with
that of other reports of the actions of ET-1(Huang et al. 1990; Miasiro and
Paiva, 1990). Most comparative studies of ET-1 and SRTX-b allude to their
similarities of action and their responses in Ca®*-free are also quite
similar. However, the SUMMARY of cell signalling processes presented in this
thesie(given overleaf) does show a variety of difference amongst the agonists

under The non-mai of tone for NE-induced contraction in

a ca’*-free medium, in contrast to the peptides, suggests that extracellular
ca?* has a major role to play in maintaining tone with NE.

There is clearly a role for extracellular calcium in the contractile
response to ET-1, SRTX-b and NE as evidenced by a loss of >80% of the
contractile response in Ca?’-free medium, however, this role differs for each
agonist. For example, whereas NE is capable of initiating a phasic
contractile response in the absence of extracellular Ca?, only tonic
responses to ET-1 and SRTX-b were observed (Figure 8); true phasic response
to ET-1 and SRTX-b, in both rat aorta and anococcygeus, require extracellular
ca?. The converse was true for the initiation and maintenance of tonic
responses.

The route of entry of extracellular Ca® into the cell has received
considerable attention. These routes, often referred to as channels, can be

subdivided on the basis of their selective permeability to particular ions,
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and also by the stimulus which primarily controls channel permeability (see
review by Minneman, 1988). Within each class of channels which are permeable
to a particular ion and opened by a particular stimulus, there are also

subclay

So far three distinct types, namoly, "L®, "N and "T" type, of
ca?* channels have been identified in different cell types (Sturek and
Hermsmeyer, 1986; Friedman et al., 1986; Bean, 1985). These channels can be
distinguished on the basis of the strength of depolarization required for
channel activation, the time course of inactivation, and the sensitivity to
dihydropyridine Ca?*-channel agonists and antagonists. “L-type" channels

require relatively strong depolarizations for activation, inactivate slruly,

and are modulated by dihydropyridine Cal*~channel antagonists. “T"-type®
channels are activated by smaller depolarization, inactivate rapidly, and are
insensitive to dihydropyridines. “N-type® channels also require a fairly

strong depolarization for activation, inactivate with an intermediate time

course, and are also insensitive to dihydropyridines (Nowycky et al., 1985,

Fox et al., 1987). Besides the three subcl

s of voltage operated

channels, of

o ca?* channels have been made
(Bolton, 1979; van Breemen et al., 1979). However, there has been only one
report of single channel recording that supports the existence of receptor
operated Ca?* channels in smooth muscle (Benham and Tsien, 1987). Other sacond
messenger operated channels have been recorded in neutrophils (von Techarner
et al., 1986), lymphocytes (Kuno and Gardner, 1987) and rat brain (Fraser and
sarnacki, 1990).

Voltage-operated Ca?* channels are known to be quite heterogenacus in
nature, with the existence of multiple types of Ca’* currents in neuronal and

nonneuronal cells determined using voltage clamp methods (Sala and
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Matteson, 1990; Bean, 1989; see review by Shearman et al., 1989). N-type
channels have been reported to exist only in neuronal cells (Tsien et al.,
1988; Miller, 1987) leaving "L" and "T" type channels whose distribution in
terms of relative density in smooth muscle is not known. Claims for the

existence and non-existence of

~channels in emooth muscle are emerging
(Ganitkevich and Isenberg, 1990; Matsuda ec al., 1990) and the situation is
unclear. As the L-type channel is the only type of Ca?*-channel so far
identified that is sensitive to dihydropyridines (DHPs), it is also referred
to as the "DHP-receptor” (see review by Shearman, 1989).

Thus far, attempts have been made to highlight events at the level of
receptor and amplifier enzymes. The effects of these enzymes on Ca2*-channel
modulation, and the elaboration of other "second messengers” like IP3 and DAG

from membrane catabolism, have been compositely assesed by interference with

enzymes or of their These are given in the
SUMMARY (page 184) and schematically in Figure 37.

This study has avoided receptor binding studies. Findings by other
investigators (Hirata et al.,1989; Ambar et al.,1989) have not shown any

dif in binding between ET-1 and SRTX-b, although such

studies have demonstrated the existence of

the of low ivity between antibodies raised against
ET-1 and SRTX-b clearly suggest immune system recognition and by the same
token, receptor recognition (Fleminger et al. ,1989).

The failure of binding and biochemical studies to distinguish between

ET-1 and SRTX-b does not. 1y lead to the that

these peptides interact with an identical population of receptor.

The role of tive ca®* s in the mai of ile
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responses to ET-1, SRTX-b and NE was explored using the channel antagonist
nifedipine. In the aorta, nifedipine (10 uM) significantly reduced thae
maximum responses to ET-1, but not NE and SRTX-b, and also reduced the
sensitivity of the response to these agonists in the aorta (Figure 9a, b and
). In the anococcygeus, 10 4M¥ nifedipine significantly reduced the maximal
response to ET-1, but responses to NE and SRTX-b were not significantly
reduced (Figure 10a, b and c). However, it ls noteworthy that the decrease
in the maximum responses to ET-1, SRTX-b and NE was more than that observed
for the aorta. The resistance of NE induced contractions in the anococcygeus
to npifedipine is consistent with the finding of Oriowo (1984) but the
divergence in the sensitivity of responses to ET-1 in aorta and SRTX-b in
anococcygeus were surprising for peptides that are said te act on the same
receptor and have the same mode of action (Kloog and Sokoloveky, 1989).

Despite the clear dependence on extracellular Ca®*, the inabllity of

ni ipi alone to inhibit the respnnses in both
preparations, indicates that cellular mechanisms other than voltage-operated
calcium channels must also play a significant role in the contractile
processes activated by the two peptides and NE. It should also be noted that
the concentration of nifedipine, 10 gM, that was used in these studies is
high and the inhibitory effects noted against ET-1 may reflect some non-
specific actions of this substance that are not yet documented. Recently,
Inoue et al.(1990) demonstrated that ET-1 augments unitary ca¥-channel
currents in the guinea pig portal vein and they were able to characterize two
types of unitary Ba? currents with conductances of 22 pS and 12 pS.
Nifedipine was said to inhibit both types of unitary channel current,

although the sensitivity of 22 ps Ca?* channel was 20-fold higher than tha 12
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ps Ca?’-channel. Although Inoue et al. (1990) did not specifically examine
the effects of w-conotoxin on the 12 pS current generated by ET-1, other
studies (Lawson and Chatelain, 1989; Topouzis et al., 1989) suggest that the
12 pS current is an N-type channel. Thus, based upon slope conductance

analysis, the two types of current that ET-1 activates in the guinea pig

portal vein could those by "L" and ype Ca®*-channel

Resink et al. (1990) have the int lization of ET-1

receptors by cultured human vascular smooth muscle cells and have therefore
suggested that this process may be relevant to the characteristically
persistent contractile effects of this peptide on the vasculature. In view
of its persistent contractile effects, it is likely that the SRTX-b receptor
undergoes a similar process, however, this has not yet been demonstrated.
Iino et al. (1988) have demonstrated the existence of two classes of
calciun stores in guinea pig portal vein, pulmonary artery and taenia coli -
one with both "Ca?*-induced Ca?* release" (CICR) and "IP3-induced Ca?*
release" (IICR) mechanisms (Sa) and the other only with the IICR mechanisms
(SR). ‘These authors demonstrated that after ryanodine treatment, the Ca®
store (Sa) lost its copacity to hold calcium and went further to suggest that
the Ca® released from Sa produces the initial phase of contracture. By far
the most interesting question raised by Iino et al. (1988) is: "If the
second messenger for the agonist is indeed IPy as has been suggested in many
other cells (Berridge and Irvine, 1984), then why do agonists not release Ca?*
from SA in the absence of extracellular Ca?* 2" Iino et al. (1988) suggested
a number of possibilities - one is that following agonist action the released
1Py may not reach the SO site, alternatively IPs may not be used as the second

messenger or finally, that IICR from $8 requires extracellular Ca?*. Iino et
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al. (1988) argued that since the IICR has been shown to be dependent on a
pca?* (-log(Ca®]) of approximately 7 (Iino, 1987), it is possible that Ipy
releases Ca?* from S8 only when there is sufficient Ca®* influx to keep the
ca® concentration in the vicinity of the store higher than a certain critical
level. They finally submitted that there could certainly be other
possibilities which needed further study and clarification. The suggestion
by Iino et al. (1988) that ryanodine seems to hold the Ca?* channels of tha

Sa stores fixed in an open has been by the finding of

Hisayama and Takayanagi (1988). In the presence of ryanodine, even if stored
ca? was depleted by caffeine, the rate of rise of the extracellular CaZ'-~
induced contraction remained at a higher level.

My data with anococcygeus muscle are consistent with the finding of

and

gi (1988) the effects of ryanodine, but the
conclusion from my data is that the Ca?* mobilizing mectanisms, and ability
to sustain them, are likely to be agonist dependent. In this regard, the
Rasmussen model for Ca?* cycling across the membrane and the association of
protein kinase C with the plasma membrane in the presence of diacylglycerol
sustaining the cellular response may only be valid in the presence of
extracellular Ca?*. The inability of NE to maintain a sustained contraction
in the absence of extracellular Ca?* questions this model, in that a-
adrenoceptor activation is thought to involw: the production of
diacylglycerol and inositol trisphosphate(see review by Minneman, 1988).
Furthermore, the ability of ET-1 and SRTX-b to maintain sustained tone in the
absence of extracellular Ca?* indicates that there ls more to sustained

cellular than iation of diacy and ca?

mobilization by IP3. A crucial question is Lf NE, as for ET-1 and SRTX-b,
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produces IPy and DAG on receptor activation, why is the response to NE phasic—
1ike and thome to ET-1 and SRTX-b tonic-like in a Ca’*-free Krebs? No definite
anawer can be provided at this time.

Further experiments were conducted to compare and evaluate the role of
extracellular versus intracellular Ca?* in the contractile response to ET-1,

SRTX-b and NE. In these experiments, :ontrol cumulative Ca?* concentration

curves were in the of an iate agonist,

tissues were then washed and incubated in 10 gM ryanodine for one hour
following which the Ca?* concentration response curves were repeated. In this
study, the same concentrations of the agonists (i.e. 10 nM ET-1,10 nM SRTX-b
and 1uM NE) were used as in other phases of this project. After washing and
recovery to baseline, the tissues were again subjected to ryanodine treatment
in the presence of 10 M nifedipine in light-proof chambers and Ca?*
concentration response curves were constructed in the presence of the
appropriate agonist. Responses to ET-1 in the anococcygeus muscles were
significantly enhanced by ryanodine treatment alone (Figures 15a, b and ¢).
Treatment with nifedipine significantly reduced the responses to ET-1 and NE
but significantly less so for SRTX-b (table 4) . It is apparent that the
extracellular Ca?* requirements for ET-1 and NE induced contractions partly
utilize nifedipine-sensitive voltage operated channels. There is, however,
a component of each contraction which is nifedipine-insensitive. The
response to SRTX-b following depletion of the intracellular ryanodine-
sensitive store and nifedpine blockade was not significantly reduced,
suggesting that Ca?® entry may depend upon non-selective cation channels {Owen
et al., 1986; Patridge and Swandulla, 1988; Oortiglesen et al., 1990).

Additional experiments to explore the preliminary £inding that ryanodine
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and NE depleted the same store(s) of intracellular calcium were conducted.

Figure 17a demonstrates that repeated stimulation with NE in

could only deplete the tissues of calcium to a certain basal level beyond
which further depletion seemed impossible, even for an extended stimulation
of 2-3 hours. Figure 18a, b and c demonstrate calcium response curves of the
three agonists under examination following depletion of the NE sensitive ca2*

stores with NE When to depletion of cellular ca?*

stores with ryanodine (Figures 15a, b and c¢), the responses were similar in
the anococcygeus except that nifedipine did not significantly reduce tha NE
response as was the case following ryanodine treatment. These data confirm
the postulate of Iino et al. (1988) that Sa stores are sensitive to ryanodine
and IP; generated by agonist. The only discrepancy was the insignificant
reduction of NE response by nifedipine following NE induced-depletion of
cellular Ca?* stores. Furthermore, the data indicate that ryanodine, unlike
NE, holds intracellular Ca¥-channels in an open configuration such that tha
intracellular stores lose their capacity to reaccumulate Ca?* following
stimulation, whereas NE depletes the cellular stores of Ca?' but leaves them
with the ability to reaccumulate and maintain a functional capacity. The
availability of Ca?* stores that are sensitive only to IPy explains the
capacity of NE to evoke a contraction after treatment with ryanodine. An
interesting development is the isolation of the IPy receptor (Chadwick et al.,
1990) and the inability to isolate Ca?*-induced Ca?* release channels from the
sarcoplasmic reticulum of smooth muscle. It was concluded that, although
there is an IP3 receptor in smooth muscle, there may not be a distinct
ryanodine receptor (Chadwick et al., 1990). It is most probable that this

store varies from tissue to tissue since Patel and Triggle (1986) were able
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to deplete the rat tail artery of Ca®* by repeated exposure to NE.

Further attempts to addcess the question of which intracellular calcium
pools were sensitive to ryanodine and/or NE involved experiments in which
tissues were repeatedly stimulated with NE in a Ca’*~free Krebs and then
incubated in ryanodine for one hour. The results from anococcygeus (Figures
20a, b and c) maintained a pattern similar to those with ryanodine alone
which were earlier described (Figures 15a, b and c).

The possibility that the effectiveness of ryanodine could be enhanced by
the simultanecus presence of an agonist which effectively holds the
ryanodine-sensitive release channel in an open state, thus enhancing Ca?*
depletion, was evplored. In order to address this possibility, experiments
were designed in which ryanedine alone, ryanodine and caffeine, and ryanodine
and agonist, respectively, were used to deplete the tissue of cellular ca?’.
In the anococcygeus (Figures 22a, b and c)Ca®* concentration- response curves
in the presence of 10 ni SRTX-b and 10 nM SRTX-b plus ryanodine showed no
significant differences when evaluated by ANOVA. The data presented are
consistent with those of Iino et al. (1988) who concluded that ryanodine acts
on the calcium induced calcium release (CICR) channels only when they are
open, and that ryanodine does not have any appreciable effect on the IPy-
induced calcium release (IICR) channels even if the drug is applied when
these channels are open. From my data concerning interactions between
caffeine and ryanodine I conclude that caffeine and ryanodine likely act on
the same calcium pool(s). Support for this hypothesis is provided by the
fact that the effects of ryanodine with and without caffeine were not
significantly different from each other. Figure 23a, b and ¢ illustrate the

btained in with the use of ET-1. Evaluation of the
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three independent variables by ANOVA showed that the observed difference was
not significant thus confirming earlier findings with SRTX-b concerning
depletable ca®* pools.

Further elucidation of the routes of entry of extracellular calcium had

become as with nifedipl had been shown to be only

partially effective and then only when used at a high concentration. To

explore the roles of Ca’* entry via ine modulated Ca?*-ch. le in

contractions induced by ET-1, SRTX-b and NE a known L-type calcium channel
opener Bay K 8644 was used with depolarizing (15 mi K') Krebs buffer. Figure
26a, b and ¢ show the responses in anococcygeus to Bay K 8644 without and
with 1 nM ET-1 and SRTX-b and 100 nM NE (subcontractile concentrations).

Contractile response to the three agonists was noted but since the response
of the anococcygeus to Bay K 8644 (Figure 27) did not demonstrate strict

these di were not statiscally evaluated for

significance. This suggest the i of cation

and perhaps, "N* and *T"-type channels in the contractile process of the
smooth muscle as proposed by several authors (D'Orleans-Juste et al., 1989;
Van Renterghem et al., 1989; Patridge and Swandulla, 1988; Inocue et al.,
1990) .

In further experiments conducted to compare and evaluate the role of
extracellular versus intracellular Ca®* in the contractile response to ET-1,
SRTX-b and NE in the aorta (Figures 16a, b and c), a combination of ryanodine
and nifedipine produced a marked and significant Llnhibition (ANOVA) of the
contractile response to ET-1 and NE, but not SRTX-b (see also Table 4).
This suggests that an intracellular source of Ca?’, which ls maintained by

extracellular Ca?* entering via a nifedipine-sensitive route plays a
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significant role in determining the contractile to ET-1 whereas
nifedipine-insensitive routes are utilized by and SRTX-b.
Experiments to expand on the preliminary finding that ryanodine and NE

depleted the same stores of intracellular calcium in the aorta (Figure 17b)

that timulation with NE in a Ca?*-free Krebs could only
deplete the tissues of calcium to a certain basal level beyond which further
depletion seemed impossible. Figures 19a, b and c demonstrate responses ta
ET-1, SRTX-b and NE from the aorta following depletion of NE-sensitive ca®*

stores with NE . When to depletion of cellular

ca?* stores with ryanodine, it can be seen that the results were similar
(Figure 16a, b and c). Sequential depletion in aorta of NE-sensitive ca®*
stores with repeated NE exposures followed by incubation in ryanodine
(Figures 21a, b and c) were not different from Figures 19a, b and c or Figure
16a, b and c thus confirming our earlier speculation that ryanodine and NE
acted on the same depletable Ca?* pool.

In a parallel study with the aorta, designed to determine whether
ryanodine was more effective in the presence of an agonist, ryanodine
alone, ryanodine and caffeine, and ryanodine plus either the agonist SRTX-b
or ET-1 were compared (Figures 24a-c and 25a-c respectively). No significant
differences were observed (ANOVA). Nifedipine, even at 10 uM, proved to be
only partially effective at inhibiting the responses to SRTX-b, ET-1 and NE
in the aorta and thus, additional experiments were designed to elucidate the

role and routes of extracellular Ca®* utilization., Figures 28a, b and ¢

of to ET-1, SRTX~b and NE over the control

responses induced by 10 uM Bay K 8644 in a depolarizing (15 mi K') Krebs

alone. In to the of aorta to Bay K 8644
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a strict ion (Figure 27b) . No explanation

for the "flapping” responses of anococcygeus to Bay K 8644 when contrasted

with the sustained tone and exhibited by
the aorta to Bay K 86344 (Figure 27a and b) can be offered, although

electrophysiological studies may provide an insight.

4.4 Role of erachidonic acid metabolites.
There is a direct association between phosphatidylinositol turnover,

diacylglycerol production, and arachidonic acid release (see review by

1986) . acid could be generated by one of three
mechanisma: from phosphatidylinositol 4,5-bisphosphate (PIP) to
diacylglycerol with further metabolism to phosphatidic acid and arachidonic

acid or from phosphatidylcholine to ly lcholine and hidoni

acid. The metabolism of € acld +< arachidonic acid from these

pathways is catalyzed by phospholipase A, (see review by Exton, 1988). An
alternate pathway is the hydrolysis of phosphatidylcholine by phospholipase
€ and D to arachidonic acid (Irving and Exton, 1987). The view that agonist

increases diacylglycerol levels solely via the stimulation of

idylinositol bi (PIPz) and resultant DAG leading
to phosphatidic acid is not strictly supported by experimental data.
Emergent biochemical data (Irving and Exton, 1987; Bocckino ot al., 1985)
have revealed that fatty acid composition of DAG and/or PA produced greatly
exceeds the decrease in mass of inositol phospholipids. Thus, agonists may
induce the breakdown cf another phospholipid, phosphatidylcholine, and
support for this hypothesis is provided by the agonist induced increases in

phosphocholine and choline seen in hepatocytes, 3T3 fibroblasts and smooth
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muscle cells (see review by Exton, 1988).

There seems to be a pravalent notion (see Rasmussen, 1986) that once
produced, arachidonic acid is rapidly metabolized largely via the
cyclooxygenase pathway to endoperoxides, prostaglandins and thromboxane A;
with negligible contribution of Yhe lipoxygenase pathway. Data from recent
studies with endothelin (Rapoport et al., 1990) seem to agree with this
notion. However, it ls well established that some lipoxgenase products
(Vanhoutte et al., 1985) do affect smooth muscle function, and a role for
1lipoxygenase metabolites in mediating the effects of ET-1 has been described
by Resink et al. (1989). Furthermore, the work of Reynolds et al. (1989) has
demonstrated that phorbol ester treatment dissociated endothelin-stimulated
phosphoinositide hydrolysis and arachidonic acid release in vascular smooth
muscle cells. This later study suggests parallel or synergistic mechanisms
for initiating the contraction of smooth muscle.

In view of the possible role of arachidonic acid metabolites in agonist

induced contraction, the effects of ET-1, SRTX-b and NE were explored by

ing calcium i curves in the presence of these

agonists and in the absence or of the inhibitor,

indomethacin (10 uM),(Figure 29a, b and ¢ for anococcygeus). The responses

to the three agonists in of 1 n were not significantl

different frcm each other as analysed by ANOVA. Thus, at least in the
anococcygeus, products of cyclooxygenase are of negligible consequence in the
contractile process (see Table 4). The results were similar for the aorta
(Figures 30a, b and c; Table 4). These findings are in contrast to Rapoport
et al. (1990) who noted a significant inhibition by indomethacin of ET-1

induced responses in the aorta. Further examination of the effects of the
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three agonists in the anococcygeus in the absence and presence of 10uM
nordihydroguaiaretic acid (NDGA), a lipoxygenase inhibitor, revealed that
responses to ET-1 and NE were significantly reduced when comparad to controls
by "tr-test analysis (Figure 3la-c,and Table 4). In the aorta (Figure 32a, b
and ¢), responses to SRTX and NE when compared to controls were not
significantly reduced by NDGA, whereas that to ET-1was significantly reduced
when examined by the "t"-test respectively. The inability of (ANOVA) to
detect a significant difference may reflect the low number of experimental
replications. The results with ET-1 were consistent with the findings of
Resink et al. (1989) who observed almost complete inhibition of [%]-
arachidonic acid release by NDGA, Suggesting that such extracellular labellad
materials represented eicosanoid metabolites derived frem llpoxygenase
activity. Resink et al. (1989) also found that endothelin-induced arachidonic

acid release was relatively insensitive to both indomethacin and

mecl ( 1 inhibitor), thus confirming our finding of lack
of effact of indcmethacin on responses to ET-1, SRTX~b and NE. The findings
of Resink et al. (1989) also suggest that it is phospholipase A; that mediates

the generation of the lipoxy product followl in stimulation

as they report that neomycin, a putative phospholipase C inhibitor (Slivka
and Insel, 1987), did not inhibit arachidonic acid release. Resink et al.
(1989) concluded that the lack of inhibition by neomycin indicates that
activation of phospholipase A; by endothelin may occur through a pathway that
is independently parallel with, rather than secondarily sequential to, the
phospholipase C pathway. Such independent pathways have been proposed for aj-
adrenergic receptors (Slivka and Insel, 1988; Burch et al., 1986). The data

from my experiments do not support this hypothesis, at least in the aorta,
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since SRTX-b was not significantly inhibited by NDGA. However, in the
anococcygeus, the NE response was significantly inhibited by NDGA. This
further points to the diversity of pathways utilized by the different
agonists in different tissues. Reynolds et al. (1989) have shown the dose-

lationship of in to {%H]~inositol phosphate formation and

[*H]-arachidonic acid release in rabbit renal artery vascular smooth muscle
cells and have alluded to the fact that since the ECso values for both
responses were very simlar, 0.2-0.4 nM, both responses were, most likely,
mediated by a single population of endothelin receptors. Reynolds et al.
(1989) noted that, in the FRTLS thyroid calls, pertussis toxin completely

inhibited aj-adrenergic receptor medisted PLA, activation but did not affect

1 D ated phospholipase C activation (Burch et al.,
1986). These data indicate that a-adrenergic receptors of these cells were

coupled to PLC and PLA; by different G proteins. Reynolds et al. (1989)

concluded that the coupling of a ic to ipase ¢
(PLC) and phospholipase A; (PLA;) actlvation occurred in parallel and was
independently regulated in those cells.

The question of non-specific actions of NDGA (Rimele and Vanhoutte,

1983) was by designing exps which the inhibition of
contractile response produced by NDGA on agonist cunulative concentration
response curves, e.g. ET-1, NE compared to inhibition by NDGA of calcium
oncentration response curve in the presence of 50 mM K'. Figure 33a and b
shoved that .a the anococcygeus preparation, where significant inhibition of
the maximal response to NE by NOGA was achieved, no significant inhibition
by NDGA of K’ induced contractions were noted. Figures 34a and b show that in

the aorta, no significant of ile to either NE or
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K* by NDGA was achieved. A comparison of figures 33a and b to figures 34a and
b leaves some possibility for equivocation and as such the specificity of
NDGA may be questionable. Nonetheless, the more recent work by Scriablne, Pan
and Vanhoutte (1990) has showa that the NDGA action was specific for
1ipoxygenase.
4.5. Agonist cross-desemsitization.

In the course of tissue screening, it was noted that ET-1, SRTX-b or NE,
when cumulatively administered to reach bath concentrations of 1077 Mor 0.1

MM for ET-1 or SRTX-b, and 10 uM for NE, often resulted in desensitization to

timulati It was that this might be desensitization

or tissue toxicity and since the 1 protocol repeated

administration of a particular agonist, this question had to be addressed.
As earlier pointed out in the Materials and Methods section, it was observed

that if the concentration of 10 nM for ET-1 and SRTX-b or 1 M for NE was not

zation on stimulation was not apparent and

curves to ET-1, SRTX-b and NE could be
obtained for up to 4 hours (Table 1). In the study by Miasiro and Paiva
(1990), ET-1 pretreatment in rabbit aortic rings and cultured rat aorta

smooth muscle cells did not affect responses to angiotensin II and NE, thus

zation to ET-1. However, the concentration

used wa:

100 nM (0.1 pM) which, as demonstrated in this study, is sufficlent

to induce myogenic activity in or in the

aorta. At the concentrations used in my study, which were approximately ECs

values for these agonists, ization was not and thus our
findings are not consistent with those of Miasiro and Paiva (1990). A good

discourse of the phenomena of desensitization (Triggle, 1980) does not seem
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to relate desensitization to dose or concentration, which the author defines
as diminished response during, or subsequent to, the initial action of a drug
(variously described as tachyphylaxis, tolerance, refractoriness or
subsensitivity). Recent developments in this area have clearly indicated

that conditions which or 1 agoni

either chronically or acutely, result in opposing alterations in effector
sensitivity (Triggle, 1980). Given the agonist-receptor internalization of
ET-1 as noted by Resink et al. (1990), it could be argued that internaliation
of ligand-receptor complex leads to loss of receptor, thereby providing the
basis for desensitization. However, Auguet et al. (1990) had demonstrated
that even at concentrations as low as 30 nM, ET-1 but not SRT¥-b induces
cross desensitization of rat aorta to SRT%-b or ET-1, respectively. In a
second set of experiments, Auguet ot al. (1990) using 0.1 4M of ET-1 or SRTX-

b that with SRTX-b did not affect subsequent

responses to ET-1 or SRTX-b whereas pretreatment with ET-1 significantly
reduced responses to ET-1 and SRTX-b. Auguet et al. (1990) concluded that
ET-1 and SRTX-b may activate a common receptor since ET-1 induces
desensitization to both ET-1 and SRTX-b and went on to postulate that SRTX-b,
unlike ET-1 (Hirata et al., 1988a), may be more readily dissociable from its
binding site and hence does not normally induce desensitization. Furthermore,
Auguet et al. (1990) suggest that the long lasting effect of the peptides of
the ET/SRTX family is more likely to be due to their post-receptor events
rather than to the nature of binding of the drug to the receptor
(irreversible or not), since the rate of washout was the same with the

contraction induced by ET-1 and that induced by SRTX-b. My data, as

by loss of activity in (Figure 6 and Table
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3), show differing dissociation characteristics of ET-1 and SRTX-b. The
argument that this activity may be a post-receptor event may be conceded on
the basis of the work = Van Renterghem et al. (1989) and Sakata et al.
(1989) who related ET-l-induced "spiking" activity to Ca?*- activated K*
channels and cytosolic Ca?* spikes to mechanical response of tonus
respectively.

However, my data (Figure 35a and b) demonstrate the phenomenon of cross-
desensitization between SRTX-b and NE in rat anococcygeus and the absence of
cross-desensitization between ET-1 and NE. This contrasts markedly with the
data presented in Figure 35c and d which were designed as controls for the NE
response by substituting cumulative concentration response curves of NE with
KCl. 1In this subset, enhancement of the maximal response to KCL was noted
with both ET-1 and SRTX-b. Statistical evaluation of responses by ANOVA
showed significant differences for the effects of SRTX-b on the NE response
and the SRTX-b effect on the KCl concentration response curves. Thig

contrasts with the ET-1 effect on MNE and KCl concentration response curves

where arisons in the geus were not significant as assessed by
ANOVA. In the aorta (Figures 36a, b, c and d), there was no
desensitization, as assesed by ANOVA analysis to NE or KCl after pretreatment

with either ET-1 or SRTX-b.

Conclusions
The most obvious conclusion that can be reached from the present study

is that ET-1 and SRTX-b with a population of

receptors. If ET-1 and SRTX-b do interact with a homogeneous receptor

population, then signal transduction pathways are differentially
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activated(see also Galron et al.1990). However,my data does suggest that the
affinity of ET-1 and SRTX-b binding to their receptor(s) in the amococcygeus
is increased in the presence of extracellular Ca®® and this is reflected by
the time interval needed for disappearance of induced myogenic activity in
the anococcygeus muscle in Ca®*-containing and Ca?*-free Krebs buffer. A
comparison of this interval in either Krebs solution shows that SRTX-b
dissociates faster from its receptor than does ET-1. In contrast ,the
effects of NE can be terminated in less than 2 minutes. ET-1 has been shown
to be internalized by endocytosis along with its receptor (Resink et al.,
1990) and this may explain the basis of the persistent contractile activity
of the peptides.

In some respects, the resistance of the effects of SRTX~b to inhibition
by nifedipine in the anococcygeus bears strong similarities to the resistance

of NE to nifedipi , the of ization of

NE effects by SRTX-b in the anococcygeus suggest that these agonists may
share a common post-receptor mechanism coupled via a common G-protein.The
significant reduction in the aorta of ET-1, but not NE and SRTX-b, responses
by nifedipine points to the divergent utilization of Ca?* channels by the two
peptides in different tissues. The validity of this suggestion is not
diminished by the finding of no significant differences (ANOVA) between the
three agonist following nifedipine treatment because other protocols
(nifedipine and ryanodine) have demonstrated significant differences between

the peptides (ANOVA), Table 4. The el logic stics of

small depolarizations (-7 mV) for ET-1 in contrast to -20 mV for NE
(Wallndfer et al., 1989), and the suggestion of the role of "N“-type channels

(Inoue et al., 1990) for ET-1 along with the sensitivity of response to
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dihydropyridines, suggest that ET-1 may be opening "L" and "N"-type calcium
channels whereas SRTX-b may be opening "L" and "I"-type calcium channels
depending on the preponderance of channels in the tissues. "N"-type channels,

however, have not previously been associated in smooth muscle.

The inability, after ry of ifedipi to further
inhibit SRTX-b responses in the aorta is in contrast to the near complete
inhibition of ET-1, after ryanodine treatment, thus lending additional
support to the divergent use of calcium pools by the three agonists. This
leads to the conclusion that the processes affecting Ca?* mobilization are an
intrinsic property of an agonist and the availability of sensitive ca?* stores
in a particular tissue determines the effectiveness of the agonist.

Since ET-1, SRTX-b and NE have been shown to produce DAG and IP3 as
universal second messengers the inability of NE to sustain tone in the
absence of extracellular Ca?* suggests that ET-1 and SRTX-b must be producing

something in addition to DAG and IP; which could not be determined by my

protocols. However, the by Price et al. (1989) that oncogenic
ras could stimulate phosphatidylcholine hydrolysis, diacylglycerol release

and arachidonic acid duction without altering inositol levels in

Swiss-3T3 cells is consistent with the findings of Hirata et al. (1988a)
concerning the actions of ET-1 in vascular smooth muscle cells. Furthermore,
the demonstration that ET-1 is a potent mitogen which stimulates c-myc and c-
fos proto-oncogene expression (see review by Simonson and Dunn, 1990b) leaves
room for speculation that oncogenic ras can be stimulated by ET-1 and SRTX-b.
Oncogenically activated ras proteins contain single amino acid substitutions

and are generally e to GTPase activating protein, a cellular

protein that stimulates GTP hydrolysis by normal p217® (Trahey and McCormick,
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1987) in an “active" (GTP-bound) conformation. Price et al. (1989) have
suggested that ras rapidly activates a number of cellular signalling systems,
leading to a sustained increase in diacylglycerol levels. In contrast,
Sunako et al. (1990) propose a phospholipase C system generating IP3 and DAG
as an explanation for ET-1 induced changes in diacylglycerol during sustained
tone. Sunako et al.(1990) do concede that there could be other mechanisms of
DAG production. The suggestion by Price et al. (1989) fits the Rasmussen
(1986) model of sustained cellular response and would, perhaps, explain the
basis of ET-1 and SRTX-b sustained tone in the absence of extracellular Ca?*.
Additional studies are required to address this matter.
By far the most important cc clusion derived from the ryanodine studies
is that IPy may not be the intracellular Ca?* mobilizer for contractions
induced by ET~1 or SRTX-b whereas those induced by NE have a significant IP3

dependency. Based on the characteristics of Sa and SB intracellular ca?®

stores (Iino et al., 1988), and the emergent “L* and "N"-like Ca?* channel

utilization by ET-1 and and "T" type Ca?* channel utilization by SRTX-b

(Inoue et al., 1990; Lawson and Chatelain, 1989; Topouzis et al., 1989), it
can be postulated that the primary electrophysiologic event in the action of
these peptides involves the opening of "N*~like or "T"-type Ca®* channels with
a resultant Ca?* induced Ca?* release from Sa stores initiating contraction.
Maintenance of tone is brought about by activation of protein kinase C with
sustained levels of diacylglycerol not involving the inositol phosphate
pathway. NE can be postulated to act via the activation of "L" and "T" type
ca?* channels leading to Ca?*-induced Ca®* release to initiate contraction.
However,there is a dependence on extracellular Ca?* to sustain activity of

diacylglycerol and protein kinase C to maintain tone. The sharp spike of
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contraction induced by NE in a Ca?*-free medium is likely due to IPs-mediated
mobilization of Ca?* from SO stores. The non-maintenance of tone Ls due to
the reaccumulating property of SB stores thereby reducing intracellular Ca*
to a level below which the diacylglycerol and protein kinase C activity

cannot be maintained. The absence of the stic spiked contracti

for the two peptides is evidence that the SB store is not stimulated by ET-1
and SRTX-b. This also explains the the ability of NE, in the absence of
extracellular Ca®*, to mobilize intracellular Ca? from Sa and SB as opposed
to the peptide use of Sa stores predominantly. In a Ca?*-free medium, NE
leads to the production of IP; which mobilizes SB Ca®* to release Ca®* from Sa
stores to generate the phasic contraction. The rapid reaccumulation
characteristics of SB stores lowers Ca?* below a critical level for
contraction while IPy is metabolized. I further speculate that the small
slowly rising tone of peptide induced contraction may be due to activation of
oncogenic ras with production of diacylglycerol which, in association with
protein kinase C, can function at low intracellular Ca?* levels. Thus, large

contractions may be dependent on Ca?*-induced Ca? release fostered by the

entry of extracellular Ca?* through "L", "T*, "N" or, perhaps, non-specific
cation channels.
The effects of NDGA have been clearly demonstrated to be specific for

lipoxygenase products which could be generated from arachidonic acid derived

from either the dylinositol or the phosphatidylcholine pathway.
Further electrophysiologic characterization of the Ca®* channel types in

smooth muscle, as well as the effect of proto-oncogenes induced by ET-1 and

SRTX-b, will be needed to completely characterize the physiologic effects of

these peptides. The differences in the cell signalling processes in vascular
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versus non-vascular emooth muscle demonstrated in this study suggest that

SRTX-b an® ET-1 may not act on a homogeneous receptor population. Other

in the 1 is also i of for these
related peptides (Webb, 1991).
In conclusion, my studies indicate that ET-1 initiates contraction in

the rat ic aorta and by depolarizing the plasma membrane

with a resultant influx of Ca?® through voltage-operated channels and non-
specific cation channels. The incoming Ca?* leads to calcium induced calcium
releage from the Sa stores. Intracellular calcium, having risen above the
critical concentration activates phospholipase A, to produce S-lipoxygenase
products to sustain the contraction. In the latter tonic phase, activation
of ras oncogene produces sustained levels of diacylglycerol which, in
association with protein kinase C, maintains tone for long periods even in

the face of a diminshing calcium The major 1ipta

catabolized is most  probably  phosphatidylcholine  rather  than
phosphat idylinositol (see review by Exton, 1988).
A summary of the signalling processes that are involved is represented

in Figure 37.



Figure 37:

in smooth muscle

Schematic summary of cell signalling process:
activated by ET, SRIX, NE.  DHP, dihydropyridine; PLC,
phospholipase C; DAG, diacylglycerol; PLA,, phospholipase A; PKC,

protein kinase C, G?, G-protein.
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