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Hypoxia (POz<20 mmHg) reversibly increases isometric tension in unstimulated

canine isolated basilar afiery rings. The study of the mechanism of this contraction is

of importance because of its possible implication in the impaired cerebral blood flow

after ischemia/reperfusion or hypoxia/reoxygenation. Hypoxia-induced contraction is

not due to rigor of the metabolically impaired smooth muscle cells because it is

calcium-dependent. It is not mediated by a-adrenergic, muscarinic, histaminergic, or

5-hydroxytryptaminergic receptors. Prostaglandins are not involved either.

Using isolated canine basilar aúery rings suspended in 20-ml organ bath filled

with Kreb's solution bubbling with 95% Oz-5% COz (37oC, pH 7.4) for isometric

force recording, we have found that NDGA, an inhibitor of lipoxygenase, and

quinacrine, a phospholipase Az inhibitor, significantly inhibit hypoxia-induced

contraction. Leukotriene D4 receptor antagonists, L-649,923 and L-660,7I1, block

hypoxic contraction in a two-phase, dose-related marìrier. Therefore, it is postulated

that leukotrienes may be involved, although they may not be the sole mediators. We

further utilized leukotriene antagonists and tachyphylaxis phenomenon to conclude

that endothelin-l is not involved in hypoxic contraction and its contractile action in

canine basilar afiery is not mediated through leukotrienes. During hypoxia,

ATP-sensitive potassium channels are not involved because they are normally not

active. Calcium charurels may be involved as more of them are opened if a small

fraction of them is pre-activated by KCl or BAY K 8644, indicating another separate

mechanism which accentuates the effect of leukotrienes. Hypoxia also inhibits

endothelium-dependent relaxation induced by acetylcholine, vasopressin, thrombin,

and 423187, hence potentiating the contraction.

In contrast, in vivo studies have consistently shown an increase in cerebral blood

flow during hypoxia/ischemia and often a decrease after reoxygenatiory'reperfusion.

We have investigated the effect of hypoxia on cerebral vasculature, using the whole

animal model of rat with a closed cranial window. We have demonstrated an increase

in pial arteriolar diameter during hypoxia followed by a decrease 60 and 120 min

after reoxygenation. The vasodilation during hypoxia is antagonized or even

ABSTRACT
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converted to a constriction by 8-phenyltheophylline, an antagonist of adenosine

receptor, in a dose-dependent manner, while the post-hypoxic vasoconstriction is

prevented by L-660,711. When these two drugs are together suffused into the cranial

window, then there is no significant change in pial arteriolar diameter during

hypoxia, 60 and 120 min after hypoxia.

In summary, hypoxia-induced contraction of cerebral arteries is leukotriene

mediated. Additional inhibition of endothelium-dependent relaxation and opening

of calcium charrnel may further potentiate this contraction. In vivo, this effect is

antagonized by adenosine released by brain parenchyma during hypoxia. After

hypoxia, when adenosine is either metabolized or taken up by cells, leukotrienes

thereafter constrict pial arterioles. It remains to be seen if pathophysiological

derangement of cerebral blood flow as well as autoregulation may be due to an

imbalance of the adenosine and leukotriene regulated vascular contractile

mechanisms.
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MECHANISMS OF VASCULAR SMOOTH MUSCLE CONTRACTION AND

RELAXATION

Regulation of blood flow to a certain organ, such as brain, ultimately depends

upon individual smooth muscle cell. Activation of cell surface receptors by various

agonists initiates a series of cellular processes leading to contraction or relaxation.

Like skeletal and cardiac muscles, lCuz 
*fi is the primary determinant of the

contractile activity in vascular smooth muscle (Ruegg, 1988). However, vascular

smooth muscle has several unique physiological, cellular, and biochemical properties

compared with striated and cardiac muscles (Sperelakis, 1990; Morgan et al, I99I;
Stull et al, 1997). Many regulatory sites can affect lCu2 

*l¡, 
such as changes in

membrane potential and the activity of ion channels, the release and uptake of

calcium from intracellular stores, sensitivity of the contractile apparatus, and the

release of constrictor or dilator substances from the endothelium. Any minor

changes in any of these could substantially chaage the vascular tone and therefore

blood flow to certain organs. Thus a good understanding of the mechanisms of the

regulation of vascular smooth muscle tone, on cellular basis, under both

physiological and pathological conditions, is crucial and central in cardiovascular

pharmacology and therapeutics.

1. Vascular smooth muscle cell membrane potential and its action
potent¡als

The final cornmon pathway for the control of vascular reactivity lies at the level of

smooth muscle cell, which is quite small in size (2-5 ¡rm in diameter). The processes

controlling activation of these cells are regulated by physical or pharmacological

events occurring at the plasma membrane. Like other excitable cells, two factors

contribute to the membrane potential in vascular smooth muscle cells (Fleming,

1980). One is the consequence of the distribution of ions across the membrane,

which is mainly determined by the electrochemical gradient of potassium ions. The

second factor is the electrogenic Na-K pump (Fleming, 1980), which extrudes 3 Na

out in exchange of 2 K into the cell. The pump is sensitive to ouabain and its activity

is a function of [Na* ]i and K* lo, i.e., inhibition by low [K* Jo urr¿ activation by high

[Nu* ]i or [K* ]e (Hermsmeyer, 1983). Inhibition by ouabain or potassium-free



solution lowers the membrane potential by about 10-15 mV (Ito & Kuriyama, I97l;
Harder, 1983), therefore electrogenic pump contributes 10-15 mV to the total resting

membrane potential (Fleming, 1980), although there are variations among different

vessels from different organs (See later).

Most vascular smooth muscles are electrically quiescent. Their resting membrane

potential ranges between -50 and -70 mV (Johansson & Somlyo, 1980; Kuriyama et

al, 1982), and they vary from organ to organ and even vary from segment to segment

within the same organ. The reason for the low membrane potential in vascular

smooth muscle is related to a low conductance for potassium (Harder, 1933).

Although the precise degree of the control of membrane potentials over the

activation of vascular smooth muscle cell remains controversial, three facts are

generally agreed upon (Harder & Warters, 1984): (1) depolarization of the cells

increases the influx of extracellular calcium resulting in tension development

(Bolton, 1979); (2) agonist stimulation either causes a change in membrane potential

or increases ionic conductance through voltage or receptor operated channels

(Harder and Sperelakis, 1978); (3) if the level of membrane potential prior to agonist

challenge is changed relative to its testing value, the sensitivity to that agonist is

markedly affected (Haeusler, 1978). A local increase in [K* ]e within physiological

range causes relaxation in systemic vascular bed (Haddy, 1983), and isolated vascular

smooth muscle responds to similar increase in potassium in the bathing medium with

relaxation if the preparation has some initial active tension (Haddy, 1933). On the

other hand, reduction of [K* ]o over physiological ranges produces constriction.

Because these responses can be blocked by ouabain, it is proposed that

potassium-induced vasodilation results from stimulation of the electrogenic Na-K

pump and therefore hyperpolarization, whereas low potassium-induced

vasoconstriction results from inhibition of this pump and therefore depolarization

(Haddy, 1983; Hermsmeyer, 1983). However under some circumstances,

depolarization is not a transient phenomenon due to rapid change in ionic

environment and it does not always lead to changes of vascular tone (Aaronson &
van Breemen, 1981; Casteels, 1981).



The ion responsible for the action potential in most arterial muscles studied is

calcium. In general, the action potentials recorded in various vascular smooth

muscles have similar properties, i.e., a low rate of rise (1-6 v/s), a small overshoot of

less than 10 mV, and a very steep voltage inactivation curve, which demonstrate that

the ionic channels carrying inward cunent operate within only a very limited voltage

range of less than 40 mV (I{arder, 1983).

Vascular smooth muscle cannot be treated as a homogeneous group and cannot

be compared to other types of smooth muscle. This heterogeneity may partly have its

basis in differences in the molecular structure at the level of the plasma membrane.

They express themselves differently in terms of the activity of the electrogenic pump,

the resting membrane potential, ionic conductance, degree of spontaneous tone or

action potential, and response to neurotransmitters (Harder, 1983; Harder &
'Warters, 1984). In this regard, cerebral vessels which have relatively large resting

membrane potentials deserve special attention because the electrogenic pump

contributes 20 mV to resting membrane potential, compared to 10-15 mV in
peripheral arteries (Harder, 1983). Middle cerebral artery of the cat depolarizes to

excess potassium in the mânner of a potassium-selective membrane. Elevated

potassium conductance and electrogenic contribution to membrane potential make

certain cerebral arteries more sensitive to small changes of K* ]e, thereby shunting

regional blood flow to or away from areas of high or low neural activity depending on

the level of [K* ]o (Harder, 1983). Cerebral arteries from different areas exhibit

distinctly different resting membrane properties as well as different responses to

noradrenaline. For example, cat pial arteries hype¡polarize and dilate in response to

noradrenaline, whereas basilar and middle cerebral arteries contract to the same

dose of noradrenaline (Harder, 1983), which is probably due to the difference in

receptor density for postsynaptic adrenergic a and B receptors (Harder, 1983). Thus,

each organ appears to regulate its own blood flow by modulating the reactivity of its

own vasculature by at least three ways at membrane level: potassium conductance,

electrogenic pump activity, and receptor populations.



2. lonic channels in vascular smooth muscle

The individual vascular smooth muscle cell is not isolated from its surrounding

environment, although its plasma membrane separates it from other cells and from

the extracellular space, giving it a distinct identity with relatively stable

concentrations of various ions inside. These cells communicate quickly and

efficiently with their environment in order to adjust themselves to the changes

around them. One of the adjustments is the ionic movement across the plasma

membrane, achieved mainly through various ionic channels, e.g., calcium and

potassium channels, in the membrane.

(1) Calcium channels

a. Types of calcium channel in vascular smooth muscle

Calcium ions are critical in the regulation of vascular tone and calcium channels

are important pathways for calcium entry from extracellular into intracellular space.

These channels can be divided into two categories: voltage-dependent and

receptor-operated channels. The former respond to changes in membrane potential,

while the latter respond to membrane-mediated alterations other than a change in

membrane potential.

Whole-cell and single-channel current recordings have been extensively used in

the study of calcium currents through voltage-sensitive calcium channels in vascular

smooth muscle cells. At least two distinct types are found: slow (L-type) and fast

(T-type) calcium channels (Aaronson et aI, 1986; Pacaud et aI, 1987; Ohya &
Sperelakis, 1988a, 1989a; Ganitkevich & Isenberg, l99O; Matsuda et al, 1990). The

types of calcium currents can be distinguished by differences in their kinetics, voltage

ranges for activation and inactivation, and sensitivity to pharmacological agents, such

as diþdropyridines. The slow channel (L-type), which dominates in vascular smooth

muscle (Ganitkevich & Isenberg, 1990), prefers Ba2 
* 

over Ca2 
* u, u charge carrier,

is activated at more positive membrane potentials, and is sensitive to

dihydropyridines. The current through it is long lasting in nature. The fast channel

(T-type), on the other hand, has an equal preference for CaZ 
* 

and Ba2 
n 

as the

4



charge carrier, is activated at more negative membrane potentials, is insensitive to

the dihydropyridines, and the current through it is transient.

b. Molecular properties and structure of calcium channels

The availability of radiolabeled dihydropyridine derivatives, which are used as

high-affinity probes, has recently allowed biochemical analysis of the structure of

voltage-dependent calcium channels, especially L-type. The first estimate of the

molecular size of this channel was obtained in 1983 (Ferry et al, 1983). Considerable

progress has been made in the past few years in understanding the molecular

structure of calcium channel due to their identification by specific ligand binding and

covalent labeling. Since transvetse tubular membranes of skeletal muscle are the

most enriched source of calcium antagonist receptors and display a substantial

voltage-activated calcium current that is blocked by dihydropyridines, they provide a

favorable experimental preparation for examination of the molecular properties of

the calcium channels, calcium antagonist receptor, and their relationship. It is

anticipated that information on the molecular properties of this calcium channel will

give insight into others, including those in vascular smooth muscle.

Based on the current knowledge, dihydropyridine-sensitive calcium channel

consists of a central element (ø1) interacting with three other noncovalently

associated subunits (þ,y, ct2õ) (Seager et aI, 1988). The c¿r subunit, which is the

largest hydrophobic domain containing binding sites for calcium antagonist and cyclic

AMP-dependent phosphorylation, is the central ion channel-forming component of

the calcium channel complex. The B subunit, probably associated with an

intracellular domain of cr1, is also a substrate for cyclic AMP-dependent kinase, but it
does not interact with the membrane. The y subunit interacts independently with cr1,

contains at least one transmembrane segment, and consists of approximately 30%

carbohydrate. The crzõ dimer appears to interact with cr1, and the conditions

necessary to achieve dissociation result in a loss of dihydropyridine binding activity.

The polypeptide oî. az contains limited intramembrane domain. It is assumed that

there is one mole of each subunit in the complex. Obviously, ø1-subunit is an

important functional component because it contains the regulatory sites that interact

with the dihydropyridines and a monoclonal antibody against the crr-subunit greatly



inhibits dihydropyridine-sensitive calcium channel activity in cultured vascular

smooth muscle cells (Froehner, 1988). The function of other ancillary proteins has

not been demonstrated yet, but they could be specifically associated with ø1 protein

and exert some regulatory role.

c. Regulations of calcium channels in vascular smooth muscles

Voltage-dependent channels are voltage sensitive, in other words, they are

activated when the membrane is depolarized. L- and T-types of calcium channels

have different voltage sensitive ranges. 'When the holding potential is -80 mV, both

types can be activated. At -30 mV of holding potential, the fast (T_type) channels are

inactivated, and only the slow (L-type) channels can be activated. In vascular smooth

muscle, the conductance of slow calcium channels is about 2-4 times greater than

that of the fast type (Friedman et al, 1986; Benham et al, 1987), but the reasons for

the existence of two types of calcium channels are not clear. The inactivation of

calcium channels is slow and incomplete, which is time-, calcium-, and

voltage-dependent (Brehm & Eckert, 1978). After inactivation, the channels do not

open until the intracellular free calcium is removed from the cytosol. Recently, it was

found that intracellular perfusion of ATP modified the slow, but not the fast calcium

current (Ohya & Sperelakis, 1989b), since when the production of ATP was inhibited

by cyanide, the slow current was abolished within 10 minutes, whereas the fast

current declined more slowly, indicating that only slow calcium channel (L-type) is

metabolically dependent. Protein kinase C may stimulate slow calcium channels by

phosphorylation and may be involved in agonist-induced calcium influx, which is

responsible for the tonic phase of smooth muscle contraction (Campbell et al, 1985).

The tumor-promoting phorbol esters, which activate protein kinase C (Castagna et

al, 1982), produce a slowly-developing sustained contraction of vascular smooth

muscle that is at least paúially dependent upon [Ca2 
*]o (Gl"uron & Flaim, 1986).

Phorbol estets also have several other effects on membrane excitability, including

depolaÅzation followed by depression of the action potentials, especially at higher

concentrations (Sperelakis, 1990).

Direct regulation of calcium channels by G-protein has also been shown (Brown

& Birnbaumer, 1988; Neer & Clapham, 1988). In neurons, G protein mediates the



i¡hibition of calcium current produced by receptor activation (Hescheler et aI, 1987).

In cardiac cells, it prolongs the survival of calcium channels and increases the activity

of single calcium channel incorporated into a planar lipid bilayer in a manner which

is independent of other intracellular messengers (Yatani et al, 1987). So G protein

can regulate calcium channels directly in addition to indirectly regulating them

through activation of cytosolic kinases. A study with frestrly-isolated single cells from

guinea-pig portal vein has demonstrated that calcium channel activity is enhanced by

G protein (Ohya and Sperelakis, 1988b), indicating that G protein may also be one of

the factors regulating calcium channels in vascular smooth muscle cells. The role of

cyclic AMP and cyclic GMP in the regulation of calcium currents in vascular smooth

muscle is largely unclear. Both of them have been implicated in the vascular

relaxation, probably by the following mechanisms: (l) direct actions on calcium

charnrels to decrease calcium influx, probably by charrnel phosphorylation; (2)

hyperpolarizing the cell membrane; (3) inducing sarcoplasmic reticulum uptake of

calcium (Eggermont et al, 1988); (4) interfering with the contractile apparatus

(Bulbring & Tomita, 1987); (5) increasing an outward potassium current (Sperelakis,

1990). In contrast to cardiac muscle where cyclic AMP and cyclic GMP have

antagonistic effects on slow calcium channels, they have similar effects on vascular

smooth muscle, i.e., inhibition of the calcium slow channels (Sperelakis, 1990).

The regulation of calcium channel, especially L-type, by dihydropyridines has

received great attention because of their major indications in the field of

cardiovascular and neurological therapy. Although these agents are all reported to

interact with calcium channels, their pharmacological profile is not identical, which

might be related to the existence of differences in their tissue selectivity. However,

the membrane potential is a major determinant in modulating their actions. A

modulated receptor model has been proposed (Godfraind et al, 1990), according to

which calcium channel exists in three inconvertible states: (1) resting state, in whjch

the channel is closed but is available for opening and predominates in polarized cells;

(2) open or activated state, which is promoted by depolarization beyond a certain

threshold; (3) inactivated state, in which the channel is closed but is unavailable for

opening and is favored by prolonged depolarization. The affinity of calcium channels

for their ligands is related to the chemical structure of the antagonists, but is also



influenced greatly by the state of the channels. Dihydropyridines bind preferentially

to the inactivated state of L-type channels, since at depolarized membrane potentials

when there is an increase in the proportion of inactivated channels, their inhibitory

potency is enhanced (Godfraind et al, 1990). Prolonged depolarization induces an

increase in the binding affinity that could be related to a conformational change of

calcium channels. The apparent affinity of calcium antagonists to receptors on or

near the calcium channels in intact tissues is also related to the resting membrane

potential (Godfraind et al, 1990), hence the degree of initial inhibition of a

vasoconstrictor stimulus by a given calcium antagonist may be different among

various vessels, since resting membrane potential is different along the vascular tree.

Receptor-operated calcium channels are insensitive to depolaúzation. They are

opened when agonists (neurotransmitters, hormones, or drugs) combine with their

receptors on the membrane at very negative potentials or even without significant

changes in membrane potentials and is resistant to the inhibition by nifedipine

(Benham & Tsien, L987). Second messenger is not responsible for opening the

channel, therefore indicating that this is a distinct mechanism for excitatory synaptic

current and calcium entry into vascular smooth muscle cells, which is absent in

skeletal and cardiac muscles (Benham & Tsien, 1987). However, depolarization may

still occur occasionally after activation of receptor-operated channels. The functional

significance of receptor-operated charurels has not been fully resolved. It may play a

role in maintaining calcium currents induced by certain agonists, such as

noradrenaline or angiotensin II, in the presence of calcium channel antagonists

and/or in the case of elevated outward going potassium currents (Benham & Tsien,

1987), by the following mechanisms: (a) stimulation of calcium influx through

receptor-operated channels; (b) stimulation of calcium entry through

voltage-dependent channels, opened indirectly by the depolarization resulting from

an increase in the membrane conductance for other ions; (c) release of intracellular

calcium from storage sites; and (d) secondary activation of voltage-sensitive channels

by the depolarization produced by activation of receptor-operated channels.



(2) Potassium channels

Several types of potassium channels have been identified in vascular smooth

muscles, they are mainly Ca2 
*-activated 

potassium channel (Benham et, al, 1986),

delayed rectifier potassium channel (Beech & Bolton, 1989), and ATP-sensitive

potassium channel (Standen et al, 1989).

a. Ca2 
+-activated potassium channel

Ca2 
*-activated 

potassium currents (Ick) have been identified in a number of

smooth muscles and other excitable cells under voltage clamp condition (Benham et

al, 1986). Ca2 
*-activated 

potassium channel in vascular smooth muscle is similar to

that previously described in a number of other preparations. It generally has a large

conductance, is activated upon depolaÅzation, is blocked by tetraethylammonium

but not by 4-aminopyridine, and is Cu2 
*- 

and voltage-sensitive . CaZ 
+-activated

potassium channel recorded from reconstituted skeletal muscle transverse tubules or

from myotubules is activated at lCaz 
*Ji 

greater than 10-6 M. In gland cells and in

pituitary cells, it is substantially activated at lCuz 
*l¡ 

less than 10-8 M. However, in

smooth muscle it is activated by ÍCuz 
*li 

over a rânge of 10-9-t0-6 M ln"rrham et al,

L984). At least two binding sites are present within the channel, i.e., cesium ions bind

and block from the outside and barium from the inside and in both cases, binding is

strongly affected by membrane potential (Benham et al, 1986). This channel in

mammalian vascular smooth muscle is responsible for the repolarizing phase of the

action potentials triggered upon depolanzation induced by calcium ions entering the

cell during rising phase of the action potential (Bolton et al, 1985).

b. Delayed rectifier potass¡um channe¡

Although many smooth muscle cells in large and medium sized vessels are

electrically quiescent, rabbit portal vein and anterior mesenteric vein exhibit

spontaneous electrical activity and contract phasically which is characterized by

multispike complexes on slow waves of depolarization (Holman et al, 1968). Phasic

contraction is associated with spike generation and the majority of the upstroke of

these spikes is due to an influx of calcium ions, probably through voltage-activated

calcium channel. The repolanzation may be due in part to the inactivation of this



calcium channel, but potassium current activated upon depolaúzation is also

important for the repolarization of the spike (Suzuki & Inomata, 1981). In single

cells from the rabbit portal vein, this potassium current can be divided into two

components: one carried by large-conductance calcium-activated potassium channel

(Ict), the other by the channel whose current resembles delayed rectifier potassium

currents (IaÐ in other excitable tissues (Beech & Bolton, 1989). Unlike

Ca2*-activated potassium channel, delayed rectifier potassium channel is not

calcium sensitive, has a small conductance, is activated with a th¡eshold of around -40

mV and is substantially inhibited by 4-aminopyridine but not by

tetraethylammonium. 4-Aminopyridine causes an increase in spike frequency in

pulmonary artery and portal vein, which can be explained by the blockade of this

I¿t-like current (Beech & Bolton, 1989a). Inactivation of I¿t is time- and

voltage-dependent with fast and slow components, which may be due to the existence

of more than one type of delayed rectifier channel. Outward potassium currents

evoked by depolatization, therefore, can be carried by both large-conductance

calcium-activated channel and small-conductance calcium-insensitive channel,

inducing repolanzation in vascular smooth muscle.

c. ATP-sens¡t¡ve potass¡um channel

During the last few years, a new class of vasodilators has been developed which

are chemically diverse and include agonists such as cromakalim (8RL34915),

diazoxide, pinacidil, nicorandil and minoxidil sulfate; they all exert potent

hypotensive action in vivo which is reflected by their vasodilator effects (Quast &

Cook, 1989). These agents cause enhanced efflux of potassium or rubidium and

hyperpolarize smooth muscle cells (Hamilton et al, 1986; Quast, 19S8).

ATP-sensitive potassium channel, which was first identified in cardiac muscle

(Noma, 1983), is the primary pathway for the hyperpolarizing action of these

vasodilators. This channel is potassium selective and its activity is inhibited by ATP,

low concentration of barium, and sulphonylurea type hypoglycemics, e.g.,

glibenclamide (Schmidt-Antomarchi et al, 1987).

Some endogenous vasodilatoÍs, e.g., acetylcholine, also act through ATP-sensitive

potassium channel (Furchgott, 1983). Endothelium-dependent,
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acetylcholine-induced vasodilation is partly associated with hyperpolarization of

smooth muscle cells (Brayden & Large, L986; Bolton & Clapp, 1986; Brayden &

Wellman, 1989), which is blocked by glibenclamide and barium chloride (Standen et

al, 1989; Brayden, I99Oa). Similar observations have been made with ADP (Brayden,

1990b), although a component that is independent of hyperpolarization is invariably

observed. Vasoactive intestinal peptide and calcitonin gene related peptide are both

potent vasodilators, especially in cerebral circulation (Lee et al, 1984; Hanko et al,

1985). Exogenously applied vasoactive intestinal peptide hyperpolarizes isolated

cerebral arteries causing dilation which is abolished by glibenclamide and barium

chloride (Standen et al, 1989). Vasoactive intestinal peptide can also cause elevation

of cyclic AMP in cerebral arteries (Brayden et al, 1991), which is not affected by

glibenclamide, suggesting the likelihood of multiple pathways of dilation induced by

vasoactive intestinal peptide. ATP-sensitive potassium channel is also involved in

calcitonin gene related peptide-induced hyperpolarization and therefore dilation in

cerebral and peripheral arteries (Nelson et al, 1990). But again, mechanisms other

than activation of ATP-sensitive potassium channel, for instance cyclic nucleotide

second messengers, may also be involved (Brayden et al, 1991).

3. Signaltransduction in vascular smooth muscle cells

Activation of cell surface receptors by neurotransmitters or hormones initiates a

series of cellular processes leading to contraction or relaxation. Two major

receptor-regulated effector systems are currently recognized in vascular smooth

muscles: activation of adenylate cyclase with a concomittant increase in cyclic AMP

(Limbird, 1981; Gilman, 1989) and breakdown of membrane phospholipids by

activated phospholipase C, generating diacyl glycerol and inositol-1,4,5-triphosphate

(Williamson et al, 1985). Cyclic AMP is able to regulate [Cuz 
*]i by the action of

cyclic AMP-dependent protein kinases. One of the major roles of
inositol-1,4,5-triphosphate is to release calcium from intracellular stores (Benidge &

Irvine, lg84). Diacyl glycerol activates Caz 
*¡phospholipid-dependent protein kinase

C, which appears to modulate a number of different ion channels within the plasma

membrane (DeRiemer et al, 1985; Rane & Dunlap, 1986; Tohse et al, 1987;

Marchetti & Brown, 1988).
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(1) Second messenger system mediated by cyclic AMP

Cyclic AMP was first discovered as a second messenger by Sutherland and Rall in

1958 (Sutherland & Rall, 1958). Soon after that, this signal transduction pathway was

identified in almost all eukaryotic cells (Krebs, 1989). In vascular smooth muscle, its

existence has been supported by in virro studies where agonist-induced relaxation is

found to be associated with an increase in cyclic AMP levels (Andersson, 1973).

Forskolin, an activator of adenylate cyclase, has been shown to elicit a

concentration-dependent relaxation of cerebral artery preconstricted with
prostaglandin Fza (Horsburgh et al, 1990). Further evidence of the vasodilatory

effect of adenylate cyclase stimulation is shown in vivo where forskolin given

intravenously increases cerebral blood flow independent of changes in cerebral

metabolism (V/ysham et al, 1986) and topical application of forskolin causes a

dose-dependent dilation (Horsburgh et al, 1990). Although controversies exist, it is
generally accepted that after a ligand binds to its receptor, the latter interacts with a

G protein. Conformational alteration of the G protein in turn stimulates or inhibits

the activity of membrane-bound adenylate cyclase, therefore increasing or

decreasing intracellular cyclic AMP levels. Physiological events occur as a result of

the change in the activity of those cyclic AMP-dependent protein kinases (Krebs,

1989).

a. Structures of G proteins

G proteins are a large family of GTP-binding proteins, which include many of
the factors that conkol protein synthesis, and a group of small GTP-binding proteins.

It is composed of subunits a, þ, and y in order of decreasing molecular weight and is

classified by the identity of their distinct but highly homologous cr subunit, which

contains a high-affinity binding site for guanine nucleotides (Ferguson et al, 1986)

and can hydrolyze GTP to GDP (Northup et al, 1983). According to the effect of G
protein on adenylate cyclase, G proteins have been classified into Gs, Gi, Gt, and Go.

Th" Þ and y subunits of the G protein oligomer form a high-affinity complex. This

complex can be resolved from ø subunit relatively easily, but separated from each

other only under denaturing condition; thus, their individual contribution to the

properties of the complex is unknown (Gilman, 1989). The 0y complex of Gs, Gi,
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and Go can be interchanged in functional assays (Northup et al, 1983), and anchors cr

subunit to the membrane (Sternweis, 1986), therefore is essential for the interaction

of the G protein oligomer with receptors (Florio & Sternweis, 1989).

b. G protein-mediated regulation of adenylate cyclase

Alpha subunit cycles between an inactive, GDP-bound oligomeric form and an

active, GTP-bound monomeric state. These two forms of a subunit represent the

"off' and "on" positions of a carefully tuned molecular switch. The rate of
dissociation of GDP from cr subunit limits the rate of transmembrane signaling

(Ferguson et al, 1986). This rate is accelerated greatly by the interaction of G-GDP

with an agonist-bound receptor (Brandt & Ross, 1986). Rapid binding of GTP to the

complex of agonist-receptor-G protein can then occur. This interaction has two

major consequences (Gilman, 1989). First, the affinity of the receptor for the

agonists is lowered substantially and the complex dissociates. The receptor can then

recycle and activate catalytically several G protein molecules during the time it
remains active. This results in significant amplifìcation of transmembrane signaling.

Secondly, th" 0y complex dissociates from the activated ø subunit. The switch is now

on, activated ø subunit is freed to interact with adenylate cyclase and modulate its

activity. To complete the cycle, the GDP-bound c¿ subunit reassociates with By.

(2) lnositol 1,4,5-triphosphate (lPs) and diacyl glycerol (DG) as second

messengers ¡n vascular smooth muscle

The first indication that inositol lipids might play a role in signaling emerged in

1953 (Hokin & Hokin, 1953). Subsequent studies revealed that many external

signals, such as hormones and neurotransmitters, that use calcium as a second

messenger invariably stimulate a rapid hydrolysis of the inositol lipids in the

membrane. Of the three common inositol-containing lipids found in the plasma

membrane, only phosphatidylinositol 4,5-biphosphate IPIPz) is hydrolyzed to DG,

which remains membrane-bound stimulating protein kinase C, and to IP3, which

diffuses into the cytosol releasing calcium from intracellular stores (Berridge &

kvine, 1984; Berridge, 1986).

Immunocytochemical studies using a specific antibody reveal that IP¡ receptor is

localized on sarcoplasmic reticulum (Ross et al, 1989). IP¡ acts by binding to its
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receptors, which then opens calcium channel allowing calcium to leak into the

cytosol (Berridge, 1989). Membrane vesicles isolated from the sarcoplasmic

reticulum of aortic smooth muscle have been incoqporated into planar lipid bilayers,

where they display individual lP¡-sensitive calcium channel (Ehrlich & Waters,

1988). Calcium release from sarcoplasmic reticulum is insensitive to dihydropyridine,

ryanodine, chlorpromazine, ruthenium red, but is sensitive to cinnarizine and

flunarizine (Seiler et al, 1987; Shah & Pant, 1988). The action of IP¡ is rapidly

terminated by enzymes, which metabolize IP¡ via two complicated pathways that

ultimately end up with the formation of free inositol (Shears, 1989), which is

necessary to complete the cycle by resynthesizing the membrane lipids.

'When protein kinase C was fust discovered (Inoue et al, 1977) as a proteolytically

activated kinase, its role in signal transduction was not known. Latet, it was shown to

be calcium-activated, phospholipid-dependent and firmly linked to signal

transduction because it was essential for the activation of cellular responses

(Nishizuka, 1984). The cellular responses elicited by protein kinase C activation are

separate from and synergistic to those activated via an increase in lCaz 
*1i. 

Both

processes underly a variety of cellular responses to external stimuli. Many

physiological functions have been assigned to protein kinase C, including secretion

and exocytosis, modulation of ion conduction, down-regulation of receptors, smooth

muscle contraction, gene expression, and cell proliferation (Nishizuka, 1986).

Phorbol esters, which mimic endogenous DG (Blumberg et al, 1984), are known to

have a variety of effects on vasculat smooth muscle, e.g., causing tonic contraction in

rabbit and rat vascular smooth muscle ('Wagner et al, 1987), porcine coronary artery

strips (Miller et al, L986), and canine basilar arteries (Baraban et al, 1985). It is at

least partly due to the fact that phorbol esters may in some way increase the

sensitivity of the contractile apparatus to calcium and maintain intrinsic tone by a

mechanism independent of nCa2 
*]o (R ry"ky & Morgan, 1989). On the other hand,

phorbol esters also inhibit neurotransmitter-induced vasocontraction (Baraban et al,

1985; Menkes et al, 1986), since purified rabbit brain protein kinase C relaxes

skinned vascular smooth muscle (Inagaki et al, 1987). In biological systems, a

positive signal is frequently followed by an immediate negative-feedback control,

therefore the disparate effects of phorbol esters may indicate that protein kinase C
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exerts negative-feedback control over various steps of cell-signaling processes,

probably by the following three mechanisms: (1) inhibition of phosphatidylinositide

hydrolysis reducing the production of IP¡ (Baraban et al, 1985; Nishizuka, 1986;

Horsburgh et al, 1990); (2) actívation of calcium pumps and Na/Ca exchanger to

remove calcium from the cytosol (Fukuda et al, 1990); (3) stimulation of
phosphatidylinositol phosphatases (Simonson & Dunn, 1990a). Such a

negative-feedback role of protein kinase C is not only confined to the receptor

functions of short term responses but may also be extended to those of long-term

responses such as cell growth and proliferation (Nishizuka, 1986).

4. Excitation-contract¡on coupl¡ng in vascular smooth muscle

The overall process by which depolarization of plasma membrane causes calcium

entrance or second mesengers-induced calcium release into cytosol and calcium

binding to regulatory sites initiating crossbridge cycling is termed as

excitation-contraction coupling. As it indicates, this coupling is composed of two

components, one is the increase in fCaz 
*]r, rh" other is the contractile elements.

(1) Structure of the contract¡le prote¡ns in vascular smooth muscle

In all types of muscles, the contractile apparatus consists of thick and thin

filaments. The thick filament is a polymer of individual myosin molecules. Each

myosin molecule is composed of one pair of heavy chain, making up the tail and

globular head region, and two pairs of light chains, located on the globular head

(Hartshorne, 1987). The myosin molecules bind together at the tail region in an

opposing direction with the myosin filaments extending in both directions from the

central bare zone with two globular head regions protruding from the thick filament

at regular intervals to form cross bridges (Alberts et al, 1989), which contain distinct

sites for actin binding, ATP hydrolysis, and association with light chain subunits.

Myosin head itself is also an actin-activated Mg2 
*-ATPase that hydrolyzes the

bound ATP (Alberts et al, 1989). The myosin molecules and consequently the thick

filaments are essentially the same among different muscle types.

The thin filament consists of several different proteins. In striated and cardiac

muscles, thin filaments are made of actin monomers that are polymerized to form

twisted two stranded F actin, rod shaped tropomyosin that stretches along the length
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of each strand of actin filament, and the calcium binding protein, troponin which

consists of subunit T (binding to tropomyosin), subunit I (covering the myosin

binding sites on actin in the absence of calcium), and subunit C @inding calcium).

Four calcium ions cooperatively bind to each troponin C, which then removes

troponin I from myosin binding sites leading to actin-myosin interaction and

contraction. Thus in striated and cardiac muscles, actin-myosin interaction is

calcium-dependent and regulated by actin filaments via troponin C. Smooth muscle

thin filaments also possess polymerized actin monomers and rod shaped

tropomyosin, but lack troponin. However, it does have a unique calcium binding

regulatory protein, calmodulin, which is a soluble cytoplasmic protein not associated

with thin filaments, but with myosin light chain kinase (MLCK) (Alberts et al, 1989).

Therefore, smooth muscle differs from other types of muscle structurally which leads

to differences in the mechanism of regulating actin-myosin interaction.

(2) Myosin cross bridge-sliding mechanism of vascular smooth muscle

contract¡on

Kinetic analyses of ATP hydrolysis, electron microscopy, md X-ray diffraction

studies have suggested a simplified scheme for Ca2 
+ activation of contractile

elements and a sequence of events elicited by Ca2 
* in 'rrur"rrlar smooth muscle

(Alberts et al, 1989). Cuz 
* bind" to calmodulin and this complex then binds to and

activates myosin light chain kinase (MLCK). The activated. Ca2 
*/calmodulin/MlCK

complex phosphorylates the regulatory light chain subunit of myosin, after which the

myosin head can interact with an actin filament. As mentioned earlier, myosin acts as

a Mg-ATPase even on its own, and it binds an ATP molecule and hydrolyzes it to
ADP and phosphate in a reversible manner (Alberts et al, 1989). However in the

presence of actin filament, it is greatly enhanced such that the production and release

of ADP and phosphate are favored. After phosphate is released from myosin head,

the latter binds to the actin filament even more tightly. Once bound in this way, the

head undergoes a conformational change that generates a "power stroke" pulling on

the rest of the thick filament. At the end of the power stroke, ADP is released and a

fresh molecule of ATP binds to the head, detaching it from the actin filament and

returning the head to the original state. Hydrolysis of the bound ATP again then

l6



prepares the myosin head for a second cycle. As it undergoes its cyclic change in

conformation, the myosin head pulls against the actin filament, sliding past it with

subsequent shortening of the contractile element and development of force, without

changing the length of either type of filaments. Once one myosin head has detached

from the actin filament, it is then ca:ried along by the action of others in the same

thick filament, so that a snapshot of an entire thick filament in a contracting muscle

shows some of the myosin heads attached to actin filaments and others unattached.

As [Cu2 
*]i 

decreases, MLCK is inactivated, and myosin light chain is

dephosphorylated by protein phosphatases, relaxation occurs.

Smooth muscle myosin hydrolyzes ATP about 10 times more slowly than skeletal

muscle myosin, therefore producing a slow cross-bridge cycling that allows smooth

muscle to contract slowly. It is designed specifically for slow sustained contraction,

being able to maintain tension for prolonged periods (Alberts et al, 1989).

(3) Begulation of act¡n-myosin interaction in vascular smooth muscle

Smooth muscle contraction is different from striated and cardiac muscle

contraction which is calcium-dependent and actin-regulated. Instead it is

calcium-dependent, but myosin-regulated (Bremel, 1974). Although the molecular

mechanisms through which cytoplasmic calcium regulates smooth muscle contraction

are still not completely determined, it is generally agreed that activation of myosin

filaments requires phosphorylation of myosin light chains by MLCK that is activated

upon the binding of calcium to calmodulin (Somlyo, 1985). Two sites on myosin are

influenced by the phosphorylation, actin-binding site and the junction between the

head and neck portion of the myosin molecule (Ito et al, 1989; Ito & Hartshorne,

1990). Phosphorylation changes the conformation at the head/neck junction that

subsequently affects actin-activated Mg-ATPase activity cooperatively. How this

conformational change results in a marked increase in actin-activated Mg-ATPase

activity is not clear.

Other regulatory mechanisms, which reside on the thin filament, have been

proposed. For example, leiotonin C, a calcium binding protein, and leiotonin A,

interacting with actin and tropomyosin, are reported to be important for regulating

vascular smooth muscle activity (Nonomura & Ebashi, 1980). Caldesmon and
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calponin inhibit actin-activated Mg-ATPase activity of phosphorylated myosin

(Moody et al, 1990). They contain binding sites for myosin as well as for actin,

tropomyosin, and Ca2 
* 

¡ca\modulin. Their phosphorylation by kinases reveÍses

inhibitory activity (Ngai & 'Walsh, 1984; Takahashi et aI, 1988; Winder & V/alsh,

1990). Additional physiological and biochemical investigations are still needed to

establish their role in regulating actin-myosin interactions in vascular smooth muscle.

Myosin light chain needs to be dephosphorylated by phosphatases in order to

relax the contracted muscle. There are, in general, four classes of protein

phosphatases, type I, 2A, 2B., and 2C (Cohen, L989), although they have not been

established in vivo. Type 1 protein phosphatase binds to contractile elements in

skeletal and cardiac muscles and dephosphorylates myosin light chain in vitro

(Chisholm & Cohen, 1988). Type 2A protein phosphatase represents the major

soluble phosphatase activity toward myosin in cardiac muscle (Mumby et al, 1987). In

smooth muscles, including vascular system, both type 1 and 2A protein phosphatases

dephosphorylate myosin or myosin light chain causing relaxation in protein

preparations or skinned fibers (Hoar et al, 1985; Pato & KeÍc, 1990). Therefore,

phosphatase activity and its regulation may be involved in the regulation of myosin

light chain phosphorylation.

(4) Regulation of myos¡n light chain kinase (MLCK)

Two groups of MLCK, i.e., skeletal and smooth muscle isoforms, have been

identified from a variety of tissues and animal species (Krebs & Boyer, 1936).

Smooth muscle MLCK is more substrate specific; it only phosphorylates smooth

muscle light chain, whereas striated muscle MLCK can phosphorylate myosin light

chains from either striated or smooth muscle tissues (Krebs & Boyer, 1986).

Biochemical studies reveal that MLCK of smooth muscles contains an inhibitory

region and a calmodulin-binding domain (Ikebe et al, 1987, 1989; Pearson et al,

1988). Within the inhibitory region, there are groups of basic amino acids that closely

resemble the substrate determinants of myosin light chain (Pearson et al, 1988; Ikebe

et al, 1989). In other words, it is a pseudosubstrate prototype and is located at the

active site of the kinase in the absence of calmodulin. On binding of
CaZ 

* 
-caknodulin complex, the active site is exposed so that light chain binds to
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MLCK and becomes phosphorylated. This proposed pseudosubstrate mechanism has

not directly been proven for MLCK in vascular smooth muscle although it is a

mechanism of regulating activity of other allosterically regulated enzymes (Pearsons

et al, 1988). Another proposed mechanism for activation of MLCK by

Caz*¡calmodulin is the allosteric regulatory mechanism, which states that the

activation results from conformational changes in the substrate binding site that are

favorable for light chain binding (Stull et al, I99l). Probably a more complex model

is required for the regulation of MLCK activation and this information will be

provided in the future by knowledge of the precise substrate determinants of the

MLCK together with the availability of cDNA clones encoding this enzyme.

Two phosphorylatable sites on MLCK (A and B) have been reported in a number

of mammalian smooth muscles. Phosphorylation by protein kinases, e.g., cyclic

AMP-dependent protein kinase, calmodulin-dependent protein kinase II, and

protein kinase C, decreases the extent of MLCK activation with a resultant decrease

in myosin light chain phosphorylation and inhibition of contraction (Conti &

Adelstein, 1981; Kamm & Stull, 1985a).

(5) Calcium, myos¡n light chain phosphorylat¡on, and force

The content of MLCK and calmodulin in cells is important in relation to calcium

regulation of myosin light chain phosphorylation. The total cellular content of

calmodulin and MLCK is about 40 and 4 þl:|;/., respectively (Hartshorne, 1987).

Because these values are 10,000- and 1,000-fold greater than the affinity of

Ca2*-caknodulin complex for MLCK, low lcu2*li levels are sufficient for kinase

activation. In resting cells, [Ca2 
*1i i. g"n"rally about 140 nM (Rembold & Murphy,

1988; Taylor et al, 1989). An increase to only 250-300 nM will result in half-maximal

light chain phosphorylation in agonist-stimulated vascular smooth muscle, indicating

a highly sensitive Ca2 
*-dependent 

process. According to the classical model of the

mechanism of vascular smooth muscle contraction, there is a close correlation

between lcu2 
*fi, 

phosphorylation of myosin light chain, and muscle tension.

However, with the development of the new techniques to measure muscle tension

and fCaz 
*]i 

simultaneously (Morgan & Morgan, Ig82), many doubts have been

thrown upon the simple correlation between lcu2 
*li, 

myosin phosphorylation, and
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muscle tension in vascular smooth muscle (Hartshome, L987; Haraki, 1989; Hai &
Murphy, 1989; Kamm & Stull, 1985b, 1989).

High external potassium induces a sustained increase in tension accompanied by

an immediate rapid increase, followed by a gradual decrease in lcuz 
*li 

when

measured either with aequorin or with fura-2 in several vascular beds (Morgan &

Morgan, 1984a; DeFeo & Morgan, 1985; Bradley & Morgan, 1987; Himpens et al,

1988), indicating some dissociation between lC? 
*li 

and muscle tension induced by

prolonged exposure to high potassium solution. Stimulation with various agonists,

e.g., phenylephrine, noradrenaline, angiotensin II, or histamine, also elicits a rapid

increase in fCaz 
*]1 which then declines to a yery low level during sustained

contraction in vascular smooth muscles (Morgan & Morgan, I984b; DeFeo &

Morgan, 1985; Rembold & Murphy, 1988). The concept of calcium sensitization has

been therefore proposed, which postulates that contraction is attributable to the

increase in fCa2 
*]i, 

but the dissociation betw een lCaz 
*], 

un¿ muscle tension during

sustained contraction is due to increased sensitivity of contractile elements to

calcium during prolonged incubation with high potassium or agonists (Karaki, 1989).

The mechanism of calcium sensitization of contractile element, however, is unclear.

Protein kinase C may be involved because phorbol esters induce vascular smooth

muscle contraction without changing [Cuz 
*ft (Jiang & Morgan, 1987; DeFeo &

Morgan, 1989). Moreover, they potentiate the high potassium-induced contraction

with little effect on the high potassium-induced increas e in lCa2 
*1i 

lNishizuka,

1986). These results suggest that protein kinase C may increase calcium serrsitivity of

phosphorylated contractile elements. Rasmussen et al have proposed another model

(Rasmussen et al, 1987), which states that sustained contraction is not due to an

increase in average lcu2*f¡but to alocalized increase rnlCaz 
*], u, or beneath the

plasma membrane, which stimulates the membrane-associated Ca2 
+-sensitive

protein kinase C and then phosphorylates both structural and regulatory contractile

proteins and induces sustained contraction.

There is dissociation not only betwe en fCaz 
*], *¿ force development, but also

between myosin light chain phosphorylation and force development (Rembold &

Murphy, 1988; Karaki, 1990). During high potassium-induced sustained increase in
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lcuz 
*li 

and muscle tension, myosin phosphorylation shows an intial rapid increase

which is gradually decreased (over 30 min) to approximately 50% of the initial level

(Himpens et al, 1988; Rembold & Murphy, 1988). In addition, receptor agonists also

induce rapid myosin phosphorylation, which then declines to or remains only slightly

higher than resting levels (Rembold & Murphy, 1988; Jiang & Morgan, 1989). The

decrease of myosin light chain phosphorylation while developed force is maintained

is currently explained by the latch bridge hypothesis (Murphy, 1989; Karaki, 1990).

Force maintenance with reduced myosin light chain phosphorylation and reduced

maximal shortening velocity is referred to as a latch state (Murphy, 1989). This

hypothesis states that delayed formation of highly Ca2 
*-sensitive, slowly cycling

cross bridges between actin and dephosphorylated myosin are responsible for force

maintenance at low levels of myosin light chain phosphorylation (Hai & Murphy,

1989). In other words, a dephosphorylated myosin cross bridge (latch bridge)

detaches much more slowly than the phosphorylated cross bridge. The latch bridge

model is proposed from physiological experiments, but there have been no

biochemical studies to date that directly demonstrate this unique form of the myosin

cross bridge. However) many reports on the correlations between fcuz 
*l¡, 

myosin

light chain phosphorylation, maximal shortening velocity, and force in vascular

smooth muscle are consistent with the latch bridge model as the primary cellular

mechanism regulating contractile properties (Hai & Murphy, 1989). An alternative

explanation states that there are cooperative interactions between phosphorylated

and dephosphorylated cross bridges, so that the presence of only a few

phophorylated cross bridges attached to the actin filaments allows the attachment of

dephosphorylated cross bridges, leading to sustained force development (Himpens et

al, 1988).

A number of studies indicate that there may be other important regulatory

processes in addition to myosin light chain phosphorylation. In canine tracheal

smooth muscle, myosin light chain phosphorylation is completely dissociated from

force development when muscles are stimulated with carbachol in Ca2 
*-fr""

solution and contracted by readministration of CaClz (Gerthoffer, 1986). In bovine

tracheal smooth muscle treated with a protein phophatase inhibitor, carbachol causes

a contraction with a decrease rn lCaz 
*]1 

and relaxation in spite of maintenance of
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myosin light chain phosphorylation at high levels (Tansey et al, I99O). It is generally

agreed that myosin light chain phosphorylation plays an impotant role in initiating

smooth muscle contraction. However, thete is not general agreement on the cellular

mechanisms involved in force maintenance with low levels of myosin light chain

phosphorylation and maximal shortening velocity. Thin filament-associated proteins

may to some extent be involved, and other unique and undiscovered possibilities

should not be ignored either. The challenge is to describe these processes sufficiently

at the biochemical and cellular levels to provide a fully understanding of the

physiological properties of vascular smooth muscle contraction.

5. Regulation of calc¡um in vascular smooth muscle:

In the resting state, lCaz 
*], o¡ vascular smooth muscle cell is maintained at a

relatively stable level of about tO-7 M (Taylor et al, 1989). Three mechanisms are

postulated to lead to calcium entry into the cell increasing ¡Caz 
*11: 

the calcium leak

and two types of calcium channels (voltage-dependent and reeeptor-operated). The

calcium leak across the sarcolemma is sufficient to give rise to a contraction if the

calcium-sequestering system in the cell is compromised (Johns et al, 1987a). The leak

is partially blocked by Coz 
*, Mr2 * and Lu3 

*, 
but not by dihydropyridines. Calcium

leak and calcium channels control the lCa2 
*11 

via influx of external calcium, while

the control of cytoplasmic calcium concentrations from internal stores depends on

two other membrane systems: sarcolemma and sarcoplasmic reticulum, which serve

as both calcium delivery and removal systems. Delivery of calcium is not an

energy-consuming process because calcium is moving from a high to a low

electrochemical potential; in contrast, calcium removal is energy consuming and

occurs through ATP-dependent pumps located on both sarcolemma and

sarcoplasmic reticulum. Although the inner surface of sarcolemma releases calcium

during smooth muscle activation (Bose et al, 1983), sarcoplasmic reticulum is the

major intracellular source of calcium, which is heterogeneous within the cell with

relatively high calcium concentrations ("hot spots") coincident with superficial or

junctional sarcoplasmic reticulum (Eme & Hermsmeyer, 1988). This calcium could

be released by noradrenaline, calcium, or caffeine (Bond et al, 1984; Kowarski et al,

1985), and inhibited by procaine. Noradrenaline also releases calcium from deep or
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central sarcoplasmic reticulum, which is at least 200 nm or more distant from the

surface membrane (Somlyo & Somlyo, 1986), the amount of which is sufficient to

ftigger maximal or near maximal contraction (Kowarski et al, 1985).

Calcium-induced calcium release occurs only during agonist activation, but not

during potassium-induced depolarization because the intracellular calcium does not

reach sufficient concentration to cause calcium-induced calcium release (Morgan &

Morgan, 1984b). Sarcoplasmic reticulum actually accumulates calcium during

potassium-induced depolarization, while in an agonist-induced contraction, the

increased influx of calcium coupled to the release of calcium from the inner surface

of the sarcolemma would provide suffucient calcium for calcium-induced calcium

release to occur (Johns et al, 1987a).

It is found that GTP binding rather than hydrolysis is involved in lP:-induced

calcium release because a nonhydrolyzable analogue is able to substitute for GTP

(Saida & van Breemen, 1987) and GTP itself does not release calcium from

sarcoplasmic reticulum. IP¡-mediated calcium release is inhibited by pertussis toxin,

which induces ADP-ribosylation of G protein rendering it inactive, while caffeine- or

calcium-induced calcium release is not affected by it (Saida et al, 1988). On the other

hand, ryanodine, which itself causes a slow release of calcium from superficial

sarcoplasmic reticulum thereby depleting the calcium source (Erne & Hermsmyer,

1988), inhibits further release of calcium from intracellular stores induced by

caffeine and calcium but not by IP¡ (Ito et al, 1986). Therefore in addition to a

nornegulated calcium leak, sarcoplasmic reticulum has two types of calcium release

channels, one is activated by IP3, which is inhibited by pertussis toxin, and the other

is activated by either calcium, caffeine or ryanodine, which is inhibited by procaine

(van Breemen et al, 1988). The two processes interact in a regenerative manner

during agonist activation of intact smooth muscle, in that IP3 releases calcium from

sarcoplasmic reticulum, which rapidly raises calcium concentrations near the outer

surface of sarcoplasmic reticulum, and then activates the CaZ 
*-sensitive 

calcium

release channels (Saida et al, 1988).

Four mechanisms that regulate the efflux of calcium out of the cytoplasm are

recognized so far: First, sarcoplasmic reticulum, in addition to releasing calcium, can
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be stimulated by cyclic AMP to sequester calcium. Superficial sarcoplasmic

reticulum also functions as a regulated buffer barrier for calcium entry (van

Breemen, 1977). It competes with the contractile machinery for calcium entering the

cell. This is accomplished by a distin ct CaZ 
*-ATPur" 

located on the sarcoplasmic

reticulum (Eggermont et al, 1988), which is antigenically related to the cardiac

sarcoplasmic reticulum calcium pump (Raeymaekers et al, 1985). Phospholamban, a

regulatory protein of the cardiac and skeletal sarcoplasmic reticulum Ca2 
*-ATP".",

has also been demonstrated in vascular smooth muscle (Eggermont et al, 1988).

Phosphorylation of this regulatory protein stimulates sarcoplasmic reticulum calcium

pump to accelerate calcium uptake, therefore may contribute to the relaxant effect of

some vasorelaxants (Eggermont et al, 1988). The second mechanism is the

Cu2 
*-ATPase 

located unambiguously on sarcolemma (Raeymaekers et al, 1985), a

calmodulin-binding protein, similar to that located on erythrocyte membrane. Its

activity is stimulated by calmodulin and negatively charged phopholipids (Eggermont

et al, 1988). The affinity of Ca2 
*-ATPa"" for calcium is increased by protein kinase

C and there is a good parallelism between ATPase phosphorylation and the extent of

enzyme activation (Fukuda et al, 1990). Membrane receptor binding of agonists can

also modulate plasma membrane CaZ 
*-ATPa." (Eggermont et al, 1988). The

contribution of the above two Ca2 
*-ATPur". to the regulation of lCaz 

+]1, 
although

not fully established, may vary according to the species and the type of smooth

muscle (Eggermont et al, 1988). The third mechanism is the Na/Ca exchanger, which

extrudes calcium when fcuz 
*li is increased. The last possible mechanism is the

mitochondria, which plays a small role in sequestering calcium only at high [Ca2 
*]1.

The calcium content of mitochondna in situ is low and it cannot effectively compete

with sarcoplasmic reticulum (Somlyo & Somlyo, 1986). Massive accumulation of

mitochondrial calcium occurs only under pathological conditions, when mitochondria

are exposed to abnormally high free calcium (Eggermont et al, 1988).

6. Mechanisms of vasodilation

Since the mechanisms of vascular smooth muscle contraction have been discussed

in details, the mechanisms of vasodilation will be relatively easier to understand.

Relaxation can be achieved at different levels in the pharmacomechanical coupling

24



events. At the level of the sarcolemma, reducing calcium influx either in a direct

manner by blocking L-type calcium channels or in an indirect way by opening

potassium channels and by hyperpolarizing the membrane leads to vasodilation

(Standen et al, 1989). Phosphodiesterase inhibitors increase cyclic AMP levels and

activate cyclic AMP-dependent protein kinase. Phosphorylation of myosin light chain

kinase reduces its affinity for the calcium/calmodulin complex, leading to

dephosphorylation of myosin light chain, md thus a vasodilation. Another way to

produce vasodilation is to increase cyclic GMP levels and activate cyclic

GMP-dependent protein kinase, but the mechanism of cyclic GMP-dependent

relaxation is still obscure (Lincoln, 1989), although there is evidence that cyclic GMP

may interfere with calcium handling by vascular smooth muscle cells (Lincoln et al,

1990).

7. Ettecl of pH on vascular tone

(l) Regulation of intracellular pH in vascular smooth muscle cells

The steady-state intracellular pH value is about 7.0-7.4 at membrane potential of

about -60 mV and an extracellular pH of about 7.4 (Wray, 1988). Maintenance of

normal intracellular and extracellular pH of vascular smooth muscle cells is critical

to the activity of many metabolic enzymes, the efficiency of the contractile apparatus,

the conductance of ion channels, and the regulation of signal transduction. A

powerful control over intracellular pH is exerted by various transport systems, but

there is no simple relationship between extracellular and intracellular pH. The best

characterized exchange system which mediates proton extrusion is

amiloride-sensitive Na/H exchange. This exchanger has been demonstrated in a

variety of cultured cells as well as isolated resistance vessels (Berk et al, 1987;

Aal(aer &. Cragoe, 1988; Aalkjaer, 1990). Studies of cultured cells have suggested

that activation of Na/H exchange by vasoactive hormones may be regulated by

phosphorylation, and it has been suggested that this regulation is dependent on both

protein kinase C and another pathway which could be calmodulin-dependent

(Aalkjaer, 1990). Although a lot of work has focused on Na/H exchange system in

cultured cells, in situ, virhnlly nothing is known about the biochemical regulation of

Na/H exchange. Recently, a C|HCOT exchanger has been demonstrated in rat aortic
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strip (Gerstheimer et al, 1987), which operates in parallel with Na/H exchange

(Aalkjaer & Cragoe, 1988). The role of these transport systems is still not defined.

Although it is suggested that ClfiCOr exchanger acts as a cell-acidifying mechanism

(Vigne et al, 1988), it may not be pivotal for intracellular pH recovery from an

alkaline load, and the mechanism responsible for the recovery from an alkaline load

temains largely unclear (Aalkjaer, 1990).

(2) Effect of pH on vascular contract¡l¡ty

Information about the relationship between pH and vascular tone stems mainly

from the effect of COz on vascular tone. Incteases in PCOz increase cerebral blood

flow via a direct effect on the vascular wall. Coronary artery is also sensitive to local

changes in PCOz, and so are the skeletal muscle and the visceral circulation

(Aalkjaer, 1990). In the brain, the effect of changes in PCOz is dependent on changes

in extracellular pH (Kontos et al, 1977), while in forearm circulation the increase in

PCOz mediates vasodilation independently of a concomitant reduction in
extracellular pH (Kontos, 1971), and in visceral circulation the mechanism by which

PCOz induces vasodilation is even more complicated (Aalkjaer, 1990), suggesting

that the mechanisms responsible for the vasoactive effect of PCOz differ from organ

to organ.

Several mechanisms for the effect of pH on vascular tone have been suggested.

Hyperpolaúzation of cerebral arteries (Siegel et al, 1981), probably due to an

increase in potassium permeability and possibly a decrease in sodium permeability

(Siegel et al, 1981; Siegel, 1982), is associated with an increase in PCOz. Cellular

calcium mobilization is altered by changes in intracellular pH, because

PCOz-mediated vasodilation is inhibited by an increase in lCa2 
*1o 

1W"i et al, 1974),

a result of competition between proton and calcium ions (Grover et al, 1983).

Furthermore, ATP-dependent calcium uptake through sarcoplasmic reticulum and

sarcolemma has a steep dependency on pH (Grover & Samson, 1986), because

protons inhibit calcium influx (Isenberg et al, 1987). Alkalinization releases

intracellular calcium, which might contributes to its vasoconstrictor effect (Siskind et

al, 1989). In addítion, skinned muscle fibers are less sensitive to calcium at low

intracellular pH, therefore the maximal force development is reduced at low pH
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(Mrwa et al, L974; Aalkjaer, 1990), although other reports show that calcium

sensitivity is increased at low pH (Gardner & Diecke, 1988). Whether this relates to

different skinning techniques or to the use of different preparations is unclear. A

depression in endothelium-dependent relaxation is related to an increase in pH

(Hayashi & Hester, L987). Finally, the enzymes involved in the phosphoinositol

pathway (Griendling et al, 1987) and the Mg2 
*-d"pendent 

ATPase activity of

actomyosin are all pH-dependent (Mrwa et al, 1974).

8. Role of endothelium in the regulat¡on of vascular tone

Vascular endothelium plays an important regulatory role in the circulation as a

physical barrier and a source of a variety of vasoactive substances. The first

discovered vasoactive substance derived from endothelium is prostacyclin (Moncada

et aI, 1976), formed from arachidonic acid through phospholipase A2, cyclooxygenase

and prostacyclin synthetase exerting its inhibitory action on vascular smooth muscle

and platelets by increasing intracellular cyclic AMP levels (Moncada & Vane, L979).

Soon after that, endothelium was found to release another potent vasodilator

(Furchgott &. Zawadzki, 1980), induced by acetylcholine, called endothelium-derived

relaxing factor. This is a very potent vasodilator with a short biological half-life of a

few seconds exerting its action by increasing cyclic GMP levels (Holzmann, 1982;

Rapoport et al, 1983; Forstermann et al, 1986), and has been identified as nitric

oxide (Palmer et al, 1987) which is cleaved from L-arginine by specific enzymes

(Palmer et al, 1988). Endothelium also releases a diffusible hyperpolaúzing

substance when exposed to acetylcholine (Feletou & Vanhoutte, 1988), increases

membrane potential, thereby renders the cells less responsive to vasoconstrictive

stimuli and contributes to endothelium-dependent relaxation, possibly by increasing

potassium conductance across the plasma membrane through ATP-sensitive

potassium channel (Standen et aI, 1989). Endothelium is capable of releasing not

orrly relaxants but also constrictors. In the process of studying conditioned medium

from cultured bovine aortic endothelial cells, it was discovered that addition of this

medium caused slowly developing and long-lasting vasoconstriction (Hickey et al,

1985). This factor was later isolated, purified, and identified as a 2l-amino acid

peptide named endothelin (Yanagisawa et al, 1988). Endothelin is a very potent
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vasoconstrictor which activates specific receptors on smooth muscle cell membrane

inducing release of intracellular calcium (through IP3), activation of protein kinase C

(through DG), and direct stimulation of phospholipase C (Resink et al, 1988) and Az

(Resink et al, 1989). Endothelium-derived relaxing factor is the most efficient

inhibitor of endothelin-induced contraction, while calcium antagonists are less

effective (Luscher, 1990). Because endothelin contracts smooth muscle regardless of

the presence of endothelium (Eglen et al, 1989), its action is therefore not

endothelium-dependent.

(1) Endothelium-derived relax¡ng factors (EDRF)

a. Generation and regulat¡on of EDRF

It has long been recognized that despite its very potent vasodilator action in vivo,

acetylcholine does not always produce vascular relaxation in vitro (Furchgott et al,

1979). Lr investigating this discrepancy, it was discovered accidentally that the loss of

relaxation by acetylcholine was the result of unintentional rubbing of its intimal

surface against foreign surfaces during preparation (Furchgott &. Zawadzki, 1980). If
care is taken to avoid rubbing of the intimal surface, the vessels, whether in the form

of rings, transverse strip, or helical strip, always exhibit relaxation to acetylcholine,

which is proposed to be the principle mechanism for acetylcholine-induced

vasodilation in vivo (Furchgott &. Zawadzki, 1980). Calcium ionophore A23187 also

relaxes arteries in an endothelium-dependent manner in all mammalian species so

far tested, (Zawadzl<t et al, 1980; Furchgott et al, 1983; Rapoport & Murad, 1983;

Gordon & Martin, 1983; Furchgott et al, 1983). ATP and ADP exert most of their

relaxant effects through an action on endothelium of rabbit (Furchgott et al, 1983),

canine femoral aúery (De Mey & Vanhoutte, 1981), and pig aorta (Gordon &
Martin, 1983). The concentration-dependent relaxation by AMP and adenosine are

not affected by the removal of endothelial cells in rabbit aorta (De Mey &
Vanhoutte, 1981; Furchgott et al, 1983). Therefore it is possible that the residual

relaxation produced by ATP and ADP after removal of endothelium is due to the

formation of their metabolic products, AMP and/or adenosine, which act directly on

the smooth muscle (Furchgott, 1983). In pig aorta, on the other hand, a significant

part of relaxation by AMP and adenosine is reported to be endothelium-dependent
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(Gordon & Martin, 1983). Relaxation of arteries from rabbits, dogs, and cats by

substance P is strictly dependent on the presence of endothelium (Furchgott et al,

1983), whereas bradykinin relaxes arteries by one of two different indirect

mechanisms depending on the species in question (Furchgott, 1984). In rings of

superior mesenteric and celiac arteries from rabbit and cat, relaxation by bradykinin

is not endothelium-dependent (Cherry et al, 1981, 1982), but is mediated by

prostaglandins. All the arteries from dogs so far studied have shown a strong

requirement for endothelium in the relaxation by bradykinin, which is not affected by

cyclooxygenase inhibitors (Cheny et al, 198I, 1982). Histamine relaxes rat thoracic

aorta in a dose-dependent manner (van de Voorde & Leusen, 1983), which is not

interfered by cyclooxygenase inhibitors. Serotonin produces relaxation in canine

coronary aúery only if endothelium is present, otherwise a contraction will result

(Cohen et al, 1983). Bovine thrombin elicits a dose-dependent relaxation in rings of

various canine arteries (De Mey & Vanhoutte, 1982). The relaxation by arachidonic

acid is quite inconsistent. In endothelium-intact rabbit aotta, relaxation produced by

arachidonic acid is potentiated by indomethacin, while in arterial rings free of

endothelium, arachidonic acid causes a contraction which is inhibited by

indomethacin (Singer & Peach, 1983). In various canine arteries (femoral,

saphenous, pulmonary and splenic), arachidonic acid induces
endothelium-dependent relaxation which is mainly mediated by prostacyclin (De

Mey & Vanhoutte, L982). In rabbit aorta and canine superior mesenteric artery,

arachidonic acid produces endothelium-dependent relaxation, which is not blocked

by cyclooxygenase inhibitors (Cherry et al, 1983). Many antihypertensive agents, like

nitro Elycerin, nitroprusside, ffiinoxidil, and diazoxide, cause

endothelium-independent relaxation.

There are many factors which inhibit EDRF. Anoxia, ETYA (an inhibitor of

lipoxygenase and cyclooxygenase, Flower, 1974), quinacrine (phospholipase A2

inhibitor), NDGA (lipoxygenase inhibitor and antioxidant), hydroquinone (free

radical scavenger), metþlene blue and hemoglobin (inhibitors of guanylate cyclase

and free radical producers, respectively) are all reported to inhibit
endothelium-dependent relaxation in some preparations (Furchgott, L984; Minami

& Toda, 1989). New selective 5-lipoxygenase inhibitors, 44861 and TMK777
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(Yoshimoto et al, 1982; V/akabayashi et al, 1987), also block endothelium-dependent

relaxation by interfering with the synthesis and/or release of EDRF (Minami &

Toda, 1989).

An increasing number of in vivo studies has been done on EDRF to complement

the results of in vitro studies. As a result, there is conclusive evidence supporting the

existence of EDRF in vivo in large conduit vessels, such as canine femoral artery

(Angus et al, 1983) and iliac arteries (Young & Vabrer, t987), canine (Chu & Cobb,

1987) and human (Ludmer et al, 1986) coronary arteries. Unlike the situation with

large conduit vessels invivo, the demonstration of endothelium-dependent relaxation

in the microcirculation is much more difficult because it is not possible to

mechanically remove endothelium from the arterioles without damaging the smooth

muscle. However, this has been achieved by using two light-and-dye techniques

(Rosenblum et al, 1987), the mechanism of which is probably due to absorption of

the radiation by the dye and the generation of heat with a resultant local thermal

injury to the endothelium, therefore resulting in the inability of endothelium to

produce and/or release EDRF in vivo. Most of the experiments using this type of

selective damage to the endothelium are done in the cerebral microcirculation of the

mouse and cats (Rosenblum, 1986). Vasodilation in response to topical application

of acetylcholine, arachidonic acid, and A23187 is eliminated or actually converted to

a small constriction after damaging the endothelium (Koller et al, 1989), while that

to adenosine and prostaglandin Ez, two non-endothelium-dependent dilators, is not

affected. A bioassay technique has also been applied to the demonstration of EDRF

in vivo in the cerebral microcirculation of cat (Kontos et al, 1988). The experimental

preparation makes use of two symmetrically placed cranial windows, one of which is

used as the donor and the other as the assay window. EDRF is induced by

superfusion of acetylcholine first through the donor window and then induces

vasodilation in the assay window when cross-perfusion is carried out (Kontos et al,

1988; Marshall & Kontos, 1990). The properties of this vasodilator are virtually

identical to those of EDRF invitro, except that superoxide dismutase, a free radical

scavenger, has no effect invivo, while it prolongs the half-life of EDRF invitro. The

reason for this is that there is no basal production of superoxide and other oxygen

radicals in the in vivo preparation (Kontos et al, 1985). For the above reasons, this
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vasodilator agent is believed to be the EDRF generated by acetylcholine in the

cerebral microvessels.

A popular mechanism for inhibiting endothelium-dependent relaxation in vivo is

the generation of oxygen free radicals. A variety of techniques has been used,

including xanthine oxidase (Rubanyi & Vanhoutte, 1986) which generates both

superoxide and hydrogen peroxide; arachidonates in high concentrations which

generate superoxide via cyclooxygenase (Kontos et al, 1985); methylene blue

(Kontos et al, 1985; Beauchamp & Fridovich, l97I) and hemoglobin (Misra &
Fridovich, 1972; Marshall & Kontos, 1988) which generate superoxide by

autoxidation; electric current which generates superoxide (Feletou & Vanhoutte,

1987), and various interventions such as acute hypertension (Wei et aI, 1985),

fluid-percussion brain injury (Wei et al, 1980), and ischemia/reperfusion (Kontos,

1989). Two different mechanisms of the inhibiting effects of free radicals have been

proposed. One is the direct injury of the endothelium. The second is the destruction

of EDRF (Marshall & Kontos, 1990). Because oxygen radicals can also interact with

vascular smooth muscle, other responses affected in addition to

endothelium-dependent relaxation are expected to be seen, especially when their

concentratioils are high (Wei et al, 1985; Kontos et al, 1989).

b. Mechanisms of the release and action of EDRF

The involvement of calcium in the release of EDRF from cultured endothelial

cells has been demonstrated (Johns et al, 1988). Both intracellular and extracellular

calcium can release EDRF depending not only on the experimental conditions but

also on the agonists involved. Following muscarinic-receptor (Mz) occupation by

acetylcholine, calcium enters endothelial cells through a nonselective

receptor-operated channel (Johns et al, 1987b). Intracellular release of calcium

following receptor occupation is probably via the production of IP¡, since bradykinin

increases IP¡ in endothelial cells in the absence of extracellular calcium (Lambert et

al, 1986). It is suggested that initial calcium signal for the release of EDRF is of

intracellular origin, whereas the maintained release of EDRF is due to calcium entry

from the extracellular space (Johns et al, 1988). Like many potent vasodilators, such

as nitroprusside, organic nitrates, and inorganic nitrite, EDRF activates guanylate
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cyclase within muscle cells, therefore increasing cyclic GMP levels and inducing

relaxation (Bohme et al, L978; Murad et al, 1979; Furchgott, 1984; Rapport &

Murad, 1983; Rapport et al, 1983; Ignarro & Kadowitz, 1985; Forstermann et al,

1986).

c. ldentificat¡on of EDRF

Several hypotheses, including the ones 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), have been disproved. Because nitrovasodilators,

which may act by releasing nitric oxide, mimic the effect of EDRF, it is suggested

that EDRF may be nitric oxide (Palmer et al, 1987). This was tested in cultured

endothelial as well as smooth muscle cells and it was found that nitric oxide released

from endothelial cells was indistinguishable from EDRF in terms of biological

activity, stability, susceptibility to inhibitors and potentiators, and their ability to

increase cyclic GMP levels in vascular smooth muscle cells (Ignarro et aI, L987).

Nitric oxide is synthesized from the amino acid L-arginine by a cytosolic,

NADPH- and calcium/calmodulin-dependent enzyme named nitric oxide synthase in

the vascular endothelial cells (Palmer et al, 1988; Mayer et al, 1989; Busse & Mulsch,

1990; Lopez-Jarumillo et al, 1990). This reaction is quite specific, and one of the

analogs of L-arginine, L-NMMA, inhibits the synthesis in a dose-dependent and

enantiomerical manner (Palmer et al, 1988). In rabbit aortic rings, L-NMMA induces

a small but significant endothelium-dependent contraction and inhibits the

relaxation and the release of nitric oxide induced by acetylcholine, while L-arginine

antagorizes all of the actions of L-NMMA (Rees et al, 1989a). Similar results are

obtained with guinea-pig pulmonary artery rings (Sakuma et al, 1988) and coronary

circulation of the rabbit heart in vitro (Ameacua et al, 1989). In the in vivo

experiments, L-NMMA induces a dose-dependent, long-lasting increase in mean

arterial blood pressure and inhibits the hypotensive action of acetylcholine without

affecting that of endothelium-independent vasodilator, glyceryl trinitrate (Rees et al,

1989b). These effects are sustained if the infusion of L-NMMA is continued

(Gardiner et al, 1990), indicating not only the crucial role of nitric oxide in

maintaining vascular resistance, but also the fact that regulatory systems in
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vasculafure are unable to reaccommodate the flow toward pretreatment levels when

nitric oxide synthesis is blocked. The marked rise in blood pressure after inhibition of

nitric oxide synthesis confirms the proposal that nitric oxide is the endogenous

nitrovasodilator (Moncada et aI, l99l).

Despite these findings, no unanimity of opinion has reached that nitric oxide and

EDRF are indeed identical (Vanhoutte, 1987). The main reason for this skepticism is

that some investigators have identified the pharmacological differences between

them (Long et al, 1987; Shikano et al, t987); others have shown that the amount of

nitric oxide released is not sufficient to explain the observed vasodilation (Myers et

al, 1989). EDRF of canine systemic veins shares some chemical properties with nitric

oxide, but a factor dissimilar to it but acting like sodium nitroprusside may also be

released by endothelium of canine systemic veins (Miller & Vanhoutte, 1989). It has

been suggested, therefore, that EDRF may be a nitric oxide-containing compound

that is more potent (Marshall & Kontos, 1990), or that nitric oxide may be one of

several EDRFs (Miller & Vanhoutte, 1989).

Because cultured endothelial cells display evidences of differentiation with

alterations in enzymatic and receptor processes (Eldor et al, 1933) and in most in

vitro studies, the prevailing oxygen tensions are much higher than those in vivo

(Forstermann et al, 1985), therefore the identification of the chemical nature of

EDRF in vivo becomes important. Unfortunately, however, there have been very few

studies investigating the chemical identity of EDRF invivo. The major difficulty has

been in obtaining cell-free fluid that contains EDRF from an in vivo vascular bed.

This has been obviated by the demonstration that superfusate from the brain surface

of cats can be obtained which is free of cells but contains EDRF (Kontos et al, 1988).

Based on the available data in this preparation, it is suggested that EDRF induced by

acetylcholine in the cerebral microcirculation of cat is not nitric oxide, but is a

nitrosothiol (MarshalI et al, 1988; Wei & Kontos, 1990; Marshall & Kontos, 1988,

1990), generated via interaction of thiols with nitric oxide produced by acetylcholine.

The nitrosothiol exits into the extracellular space and diffuses to the smooth muscle

cells where it activates guanylate cyclase directly. However, bradykinin causes

endothelium-dependent dilation by a different mechanism (Marshall & Kontos,
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1990), which is mediated by an oxygen radical generated in association with

cyclooxygenase-mediated metabolism of arachidonic acid (Kontos et al, 1984, 1985,

1990; Wei et al, 1986; Rosenblum, 1987; Yang et al, 1989; Ellis, 1990). This action of

bradykinin is a unique feature of the cerebral microcirculation, because in large

vessels in vitro, e.g., isolated canine basilar artery, or in cultured endothelial cells

(Katusic et al, 1989), bradykinin releases an EDRF that is similar to that released by

acetylcholine. In rat ctemaster muscle microcirculation (Lamping et al, 1987), free

radicals do not participate in bradykinin-induced vasodilation, but it is in part

mediated by prostaglandins and in part by EDRF similar to that released by

acetylcholine. Thus, the mechanisms of action of bradykinin seem to be both species-

and vascular bed-dependent with at least three mechanisms: generation of oxygen

free radicals, production of vasodilator prostaglandins, and release of an EDRF

similar to that released by acetylcholine (Marshall & Kontos, 1990).

2. Endothelium-derived hyperpo¡ariz¡ng factors (EDHF)

Although nitric oxide appears to be the major EDRF, it cannot explain all the

endothelium-dependent responses. In arterial tissues, muscarinic agonists

hyperpolarize smooth muscle cell membrane (Kuriyama & Suzuki, 1978), which is

converted to a depolarization after the removal of endothelium (Bolton et al, 1934).

Acetylcholine is reported to cause endothelium-dependent hyperpolarization in

canine mesenteric artery (Komori et al, 1988) and rat pulmonary arteries (Chen et al,

1988) and bradykinin hyperpolarizes the cell membrane of the porcine coronary

artery (Beny & Brunet, 1988), but not of the mesenteric aúery of the guinea-pig

(Bolton & Clapp, 1986). In contrast to acetylcholine- and bradykinin-induced

relaxations, substance P (Bolton & Clapp, 1986) and oxotremorine (Komori &
Suzuki, 1987) produce endothelium-dependent, but electrically silent relaxations,

suggesting that the hyperpolarization produced by acetylcholine or bradykinin may

be generated by a diffusible substance other than nitric oxide (Komori & Vanhoutte,

1990). Methylene blue or hemoglobin prevents the endothelium-dependent

relaxation but not the hyperpolarization (Komori et aI, 1988; Chen et al, 1988),

supporting that a yet unidentified humoral hyperpolanzrng factor exists (Vanhoutte,

r98t).
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The response to hyperpolarizing factor is mainly transient (3-5 min), wtrile

endothelium-dependent relaxation is sustained (up to 20 min) (Komori & Suzuki,

1987; Feletou & Vanhoutte, 1988; Chen et al, 1988; Suzuki & Chen, 1990). The

reason for the transient nature of the endothelium-dependent hyperpolarization is

unclear, but it is not due to depletion of EDIIF or desensitization of receptors (Chen

& Suzuki, 1989). Endothelium-dependent hyperpolaization is resistant to

indomethacin (Chen et al, 1988; Feletou & Vanhoutte, 1988), but it induces an

increase in potassium conductance (Bolton et al, 1984; Chen & Suzuki, 1989; Suzuki

& Chen, 1990). Ouabain or low [K* ]o prevents this hyperpolanzation but not the

relaxation (Feletou & Vanhoutte, 1988), therefore it may act by activation of Na-K

pump. In contrast, acetylcholine-induced endothelium-dependent hyperpolarization

is not inhibited by ouabain (Suzuki, 1988), but is increased in low [K* ]o and

decreased in high [K* ]o solutions in rabbit ear artery, suggesting that the

hyperpolarization is mediated through an increase in potassium conductance, other

than the activation of Na-K pump (Suzuki & Chen, 1990). Another study has shown

that membrane hyperpolarization is blocked by glibenclamide (Standen et aI, 1989),

suggesting that EDHF may increase potassium conductance by opening

ATP-sensitive potassium channel. Muscarinic receptor involved in the release of

EDHF is mediated through Mt-muscarinic receptor on the endothelial cells, while

that of EDRF is through M2-muscarinic receptor (I{omori & Suzuki, 1987; Komori

& Vanhoutte, 1990). The release of EDHF, like that of EDRF, requires an increase

rn lCa2 
*],. It is assumed that the former is related to the release of calcium from

intracellular sites in endothelial cells, probably endoplasmic reticulum, and the latter

is related to the influx of calcium from external medium into the endothelial cells.

The contribution of hyperpolarizing factor to the maintenance of the resting

membrane potential of smooth muscle cells is unclear. Some workers have shown

that the removal of endothelium causes a significant depolarization in some vascular

beds (Bolton et al, 1984; Beny & Brunet, 1988; Taylor & Weston, 1988), while others

have shown no change in the resting membrane potential after the removal of

endothelium (Komori & Suzuki, 1987; Nagao &. Suzuki, 1987; Komori et al, 1988;

Chen & Suzuki, 1989). Thus, it remains to be determined whether these differences

are due to heterogeneity in the spontaneous release of EDFIF or to damage of the
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underlying smooth muscle cells during prepantion (Komori & Vanhoutte, 1990). kr

any case, it is logical to assume that EDHF may contribute significantly to

endothelium-dependent relaxation and the transient hyperpolarization somehow

may ftigger, facilitate, andlor amplify the cellular action of EDRF (Komori &

Vanhoutte, 1990).

(3) Endothelin and vascular tone

a. Structure, distribution, gene express¡on, and biosynthesis of endothelins

Analyses of human genomic DNA have revealed the existence of three distinct

genes encoding three isoforms of endothelin with similar amino acid sequences and

disulfide bonding structure (Inoue et al, 1989; Saida et al, 1989), i.e., endothelin-I,2,

3 (Inoue et al, 1989). The cor¡esponding amino acid sequences of their immediate

biological precursors, teferred to as proendothelins or big endothelins, are also

similar, but differ in the proposed processing sites (Rubanyi &. Parker-Botelho,

1991). To date, measurable mRNA levels have been detected in cultured cells only

for preproendothelin-l (Inoue et al, 1989) and endothelin-l, in some cases its

precursor big endothelin-l, is currently the only one detected in the cultured media

of endothelial and epithelial cells (Parker-Botelho et al, 1991). The induction of

endothelin-l mRNA and the rate of peptide release are increased by a number of

agents or mechanical stimuli, including thrombin, transforming growth factor B

(TGFB), angiotensin II, vasopressin, hemodynamic shear stress, interleukin-1,

phorbol esters, and calcium ionophores (Phillips et aI, l99L), many of them promote

intracellular calcium accumulation and/or protein kinase C activation, which may act

at the level of transcription and/or translation (Rubanyi & Parker-Botelho, 1991).

The prepro-form of endothelin is initially processed to an intermediate (big

endothelin-1), which is then converted to the mature form by endothelin converting

enzyme (ECE) (Yanagisawa et al, 1988). This final step is very important for the

biological significance of endothelin-l, because the vasoconstrictive activity of big

endothelin-l is about 100-times lower than that of mature endothelin-l (Kimura et

al, 1989). Intravenous injection of big endothelin-l in rats evokes a pressor effect

with a potency similar to that of endothelin-l (Sawamura et al, 1989), suggesting a

rapid and efficient conversion of exogenous big endothelin-l to biologically active
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endothelin-l in vivo. Endothelin converting enzyme is a membrane-bound neutral

metalloproteinase which is inhibited by phosphoramidon (Ikegawa et al, 1990).

Other types of enzymes converting the various isoforms of big endothelins may also

exist (Okada et al, 1990).

b. Endothelin receptor types and their functions

The binding of endothelin to cell surface receptors is rapid, specific, and

saturable, but the dissociation rate is slow, and in most cases does not reach LOO%

(Rubanyi & Parker-Botelho, 1991). At least two receptor subtypes for endothelín

exist (Nayler, 1990). One type, isolated from bovine tissues, has a higher selectivity to

endothelin-1 than to endothelin-3, and probably represents smooth muscle

endothelin receptor which is classified as ETe receptor (Rubanyi & Parker-Botelho,

1991). The other type, obtained from rat lung (Sakurai et al, 1990), does not

discriminate between the three endothelin isoforms, and is probably endothelial

origin which is classified as ETe receptor (Rubanyi & Parker-Botelho, I99l).

Autocrine, paracrine and endocrine functions have been proposed for endothelin

(Rubanyi & Parker-Botelho, 1991). The presence of high affinity surface receptor for

endothelin- 1 links to a mitogenic response in endothelial cells from rat

cerebromicrocirculation (Vigne et al, 1990). In addition, endogenously produced

endothelin-l is involved in the modulation of vascular endothelial cell proliferation

in human (Takagi et al, 1990). Endothelin-l also stimulates the synthesis/release of

EDRF and prostacyclin (DeNucci et al, 1988; Lidbury et al, 1990) and its

vasoconstrictor effect can be inhibited by them (DeNucci et al, 1988; Kauser et al,

1990). The activity of angiotensin I convertin9 enzyme located in endothelial cells

(Kawaguchi et al, 1990) is stimulated by endothelin and by interacting with specific,

functional receptor on muscle cells, it causes constriction (paracrine function)

(Simonson & Dunn, 1990b). Due to its wide range of actions on cardiovascular,

renat, and several endocrine systems and the observed circulating plasma, CSF

(Hirata et al, 1990), and urinary levels (Berbinschi & Ketelslegers, 1989), endothelin

may have endocrine functions as well.
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c. Actions of endothelin on vascular smooth muscle

Most of the data are obtained with exogenously administered synthetic peptides,

and not by detection of local changes in endogenous endothelin production or by the

use of selective inhibitors of endothelin biosynthesis or action. This may not reflect

the situation accurately in vivo; however, it still provides some important clues as to

how the endogenously produced endothelin acts (Rubanyi & Parker-Botelho, 1991).

Endothelin induces a dose-dependent contraction of isolated arterial and venous

skips from various marnmalian species (Hughes et al, 1988; Eglen et al, 1989; Jansen

et al, 1989; Yanagisawa & Masaki, 1989; Yoshimoto et al, 1990), with ECso in the

range of 2x10-10-5x10-9 M, irrespective of the anatomical location of the vessels,

indicating that it is one of the most potent vasoconstrictors known to date. Its action

is resistant to the antagonists of c¿-adrenergíc, Ht-histaminergic, serotoninergic and

muscarinic receptors, and the inhibitors of cyclooxygenase and lipoxygenase,

suggesting that endothelin acts directly on the smooth muscle cells (Yanagisawa &

Masaki, 1989; Simonson & Dunn, 1990b). The contraction induced by endothelin is

slow in onset, long-lasting, and extremely difficult to wash out, although it is rapidly

and completely reversed by the addition of agents such as isoproterenol, forskolin, or

glyceryl trinitrate, which raise the cellular cyclic nucleotide levels (Yanagiwasa et al,

1988). In feline cerebral arteries, there is a strong tachyphylactic reaction upon

repeated exposure (Jansen et al, 1989). Intravenous injection of endothelin triggers a

biphasic blood pressure response: an initial rapid, transient, and dose-related

depressor response (lasting 0.5-2 min), which is probably the result of the release of

vasodilator mediators (prostacyclin and/or EDRF) (DeNucci et al, 1988), followed

by a sustained and dose-dependent rise in arterial blood pressure (requiring 2-3

hours to retum to initial levels) (Hom et al, 1990; V/inquist et al, 1990), which is

caused primarily by its direct vasoconstrictor action (Knuepfer et al, 1939).

Therefore, the extremely long-lasting time course, both in vitro andinvivo, is one of

the most salient characteristics of the vascular effects of endothelin.

'Whether or not endothelin plays a role in the maintenance of basal vascular tone

is not known. A study with porcine cerebral microvessel endothelium suggests that

endothelium of the cerebral microvessels regulates the local cerebral blood flow
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within the brain through the production of endothelin (Yoshimoto, et al, 1990).

Endothelial cells can respond to changes in shear stress and trarrsmural pressure by

altering the synthesis/release of endothelium-derived relaxing and contracting factors

(Rubanyi et al, 1990), therefore regulating vascular tone. Because the response to a

quick stretch occurs tapidly, it is unlikely to involve endothelin. However endothelin

is a unique candidate for being a mediator of long-term modulation of vascular tone

under either physiological or pathological conditions such as vasospasm or

hypertension (Rubanyi, 1989).

d. Mechanisms of actions of endothelin

Endothelin- 1 evokes multiple pathways to produce a sustained increase in

lcu2 
*fiin 

smooth muscle cells (Highsmith et al, 1989; Marsden et al, 1989), which is

attributed to both calcium release from intracellular stores and calcium influx across

the membrane (Simonson & Dunn, 1990b; Simonson et al, 1989). Pharmacological

and electrophysiological studies show that endothelin-induced calcium influx across

plasma membrane is modulated not only by voltage-dependent channels, but also by

voltage-insensitive charrrels; its mechanism, however, still remains to be clarified

(Simonson & Dunn, 1990a, b).

Endothelin stimulates phosphatidylinositide turnover increasing phospholipase C

activity (Kasuya et al, 1989; Ohlstein et al, 1989) in smooth muscle cells (Marsden et

al, 1989; Muldoon et aI, 1989), which is attenuated by pertussis toxin (Reynold et al,

1989), suggesting that a pertussis toxin-sensitive G protein couples endothelin

receptors to phospholipase C. However, pertussis toxin fails to inhibit
phosphatidylinositide turnover in rat fibroblasts and A-10 smooth muscle cells

stimulated with endothelin-l (Muldoon et al, 1989), therefore implying that multiple

G proteins may be involved. Endothelin also activates phospholipase Az n cultured

muscle cells (Reynolds et al, 1989; Resink et al, 1989), therefore increasing the

release of arachidonic acid from membrane (Resink et al, 1989). The released

arachidonic acid then is metabolized depending on the eruymatic capability of the

target cells. Although it is not known whether endothelin activates phospholipase Az

directly via a G protein or indirectly by increasing lcu2 
*l¡ (Axelrod et aI, 1988),

preliminary experiments indicate that endothelin might activate phospholipase C and
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Az by parallel but independent mechanisms (Reynolds et al, 1989). Cyclooxygenase

and lipoxygenase inhibitors fail to block endothelin-induced contraction

(Yanagisawa et aI, 1988) and amplification of the pressor action by indomethacin

indicates that vasodilatory prostacyclin is produced by endothelin acting as a negative

feedback signal (DeNucci et al, 1988). Because the initial transient depressor action

of endothelin is insensitive to indomethacin, prostaglandins is not involved in this

initial response; while EDRF is (DeNucci et al, 1988). Because guanylate cyclase

activity could be regulated by intracellular arachidonic acid, lysophospholipids, or

fatty acid hydroperoxides (V/aldman & Murad, 1987), therefore cyclic GMP

produced in this manner would probably constitute another negative feedback

system to dampen vasoconstriction by endothelin (Simonson & Dunn, 1990b).

However there is still no evidence showing the increased intracellular levels of either

cyclic AMP or cyclic GMP by endothelin (Simonson & Dunn, 1990b), thus much

work is needed to determine the biological significance of the activation of

phospholipase Az by endothelin.

9. Leukotr¡enes and vascular smooth muscle

Leukotrienes are a group of polyunsaturated fatty acids with potent biological

activities synthesized from arachidonic acid by lipoxygenase (Figure 3) in
neutrophils, monocytes, mast cells, and lung, spleen, brain and heart (Needleman et

al, 1986; Pipper et al, 1988). It was first discovered in 1938 as a smooth muscle

contracting agent in lung perfusates treated with cobra venom, and named as slow

reacting substances (SRS) or slow reacting substances of anaphylaxis (SRS-A)

(Feldberg & Kellaway, 1938). Later, the release of SRS-A from blood vessels of

guinea-pigs sensitized to ovalbumin during antigen challenge was demonstrated

(Brocklehurst, 1960). The structure of SRS-A was first reported in 1979 to be a

mixture of the peptidoleukotrienes C4,D4, andBq (Murphy etaI, 1979). The name of

leukotrienes was derived from their original discovery in leukocytes and from the

presence of a conjugated triene in the molecule, which is responsible for the

characteristic ultraviolet absorption spectrum (Borgeat & Samuelsson, 1979). The

subscripts denote the number of double bonds present.
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(1) Leukotrienes and noncerebral vasculatures.

Leukotrienes have potent actions in the cardiovascular system, especially

leukotrienes C4 and D¿. However, there are species variations in the vascular

responses. For instance, leukotrienes C+ and D+ constrict guinea-pig skin blood

vessels (Peck et al, 1981) but dilate human and pig skin blood vessels (Camp et al,

1983); in addition, leukotrienes C4, D¿, and E4 cause renal vasoconstriction in the pig

@iper et al, 1985) , but are weak dilators in the dog kidney (Feigen, 1983). on the

other hand, different vascular beds of the same species respond to leukotrienes

differently. For example, leukotrienes C+ and D+ cause dose-dependent contractions

in rabbit coronary arteries, while there is no response to them in renal artery and

vein, mesenteric artety and thoracic aorta, or only a weak response in pulmonary

aúery and vein and portal vein (Kito et al, 1981). The cat coronary arteries are more

responsive to leukotrienes than the mesenteric and renal arteries, suggesting that

leukotrienes may play an important role in myocardial ischemia (Stahl & Lefer,

1987). The vasoconstricting potency of leukotrienes may also vary along the length of
a given vessel. One such case is the guinea-pig pulmonary artery, whose proximal

portion appears to be much less responsive than the distal portion (Hand et al, 1981).

There is no evidence supporting that the density of leukotriene receptors which

mediate vasoconstriction is lower in the proximal segment. However, it is

demonstrated that the isolated main pulmonary arteries with intact endothelium

respond to leukotrienes C+ and D+ with a concentration-dependent relaxation

through specific receptors on endothelium, while those with denuded endothelium

contract in response to leukotrienes C+ and D+ in a dose-dependent manner

(Sakuma et al, 1987), therefore it is possible that leukotriene-induced
endothelium-dependent relaxation offsets the leukotriene-induced constriction in
the proximal pulmonary artery and constriction predominates in distal small

pulmonary aúery due to damage of the endothelium during preparation (Sakuma et

al, L987). In addition, inhibition of y-glutamyltranspeptidase with AT-I25 prevents

the vasodilator and part of vasoconstrictor response to leukotriene Cq, indicating that

it needs to be converted to leukotriene D+ in this preparation (Sakuma et al, 1987).
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The prominent lipoxygenase in vascular endothelium is 1S-lipoxygenase

(d'Alarcao et al, 1987). Arachidonic acid is metabolized in human endothelial cells

by 15-lipoxygonase to metabolites, such as IS-HPETE, 15-HETE, etc (Figure 3).

Similar to prostacyclin produced by cyclooxygenase in endothelial cells, these

metabolites produce vasodilation in rat mesenteric and pulmonary circulations

(d'Alarcao et al, 1987).

(2) Leukotrienes and cerebral circulation.

The action of leukotrienes on cerebral vessels are of potential importance

because they are known to be vasoactive in other vascular beds, and are produced

during some pathological conditions, such as ischemia (Moskowitz et al, 1984) and

subarachnoid hemorrhage @aoletti et al, 1988; Yokota et aI, 1989), therefore may

mediate the vasoconstrictive responses in cerebral vessels. In addition, brain is

capable of making large amounts of lipoxygenase products including leukotrienes

from arachidonic acid (Ellis et al, 1984). During the last decade, leukotrienes have

been proven to be vasoconstrictor both in vitro, such as in isolated canine basilar

artery (Jancar et al, 1987), guinea-pig basilar artery (Nishiye et al, 1988), and in vivo,

such as in the rat intemal carotid aúery (Beckett & Boullin, 1981; Tagari et al, 1983),

newborn pig (Busija et al, 1986), and mice (Rosenblum, 1985) pial arterioles. In

addition, the precursors of leukotrienes (IS-IIPETE) also cause vasoconstriction in

isolated canine basilar artery (Koide et al, 1981). However, the effect of leukotrienes

in cerebral circulation is dependent upon the species and the site from where the

vessels are obtained. For example, in isolated middle cerebral and basilar arteries,

leukotrienes C¿ and Dq are inactive (Hogestatt & Uski, 1987), and topical

application of leukotrienes C+ and D+ does not cause any contraction in rabbit

cerebral arterioles (Kamitani et aI, 1985). Leukotrienes not only act on smooth

muscle cells, but also act on endothelium stimulating the release of

endothelium-derived relaxing factor which tends to inhibit the contraction, because

in guinea-pig basilar artery the removal of endothelium enhances the contraction

induced by leukotriene D¿ (Nishiye et al, 1988). In the mouse pial arterioles,

endothelial idury ínhibits the constriction induced by leukotriene Cq and unmasks a

slight but consistent relaxation that is not inhibited by a leukotriene Cq-Dq receptor
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antagonist, ICI 198615 (Rosenblum et al, 1990), suggesting that leukotriene C+ may

have multiple actiorrs, one results from the direct action on smooth muscle which is

endothelium-dependent, the other is endothelium-independent relaxation which is

overshadowed by the former effect. Although leukotrienes are unstable compounds,

their constricting effect on cerebral arterioles is prolonged for more than 30 minutes

(Beckett & Boullin, 1981).

(3) Mechanism of action of leukotrienes on vascular smooth muscle.

Leukotrienes-induced contraction in guinea-pig basilar artery is not affected by

guanethidine, ptazosin, yohimbin, atropine, and mepyramine, as well as

indomethacin and thromboxane antagonist (Nishiye et al, 1988). Calcium receptor

antagonists, such as nifedipine, and EGTA inhibit leukotriene-induced contraction

(Nishiye et al, 1988). In most studies, leukotriene-induced vasoconstriction is mainly

inhibited by leukotriene receptor antagonists (Busija et al, 198ó; Nishiye et al, 1988;

Rosenblum et al, 1990), therefore indicating that they act on the specific receptors on

the cell membrane. Detailed studies have proposed a model for leukotriene D+

receptor and the signal transduction after receptor occupation (Crooke et al, 1988).

According to this model, leukotriene Dq receptors are cell-surface localized

macromolecules, which are highly specific and selective for leukotriene D4, and

minimally for leukotriene C+. When leukotriene D+ interacts with its receptor, it
causes a transient increase in ICu2 

*li along with activation of à

phosphoinositide-specific phospholipase C, after which protein kinase C is activated.

Protein kinase C may play a role in regulation of leukotriene D4 receptor activity and

may be involved in propagation of the leukotriene D¿-induced signal.

10. Oxygen tens¡on and vascular tone

As early as last century, it was recognized that the caliber of capillaries is

determined by the direct effect of Oz (and CO2) (Severini's hypothesis, Severini,

1878). Later it was hypothesized that the caliber of arterioles is determined by

"metabolites" (Gaskell, 1880). Nearly 45 years later, Hilton & Eichholtz suggested

that a direct effect of oxygen on arterioles could be more important than metabolites

(Hilton & Eichholtz, L924). Although this effect of oxygen was again mentioned in

passing several times later (Green & Wegria, L942; Crawford et al, 1959), it was not
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taken seriously until 1964 when Guyton showed that the reactivity of isolated

perfused artery segments decreased when POz was reduced (Carrier et al, 1964).

This finding was subsequently confirmed by a number of studies using isolated

vasculature (Detar & Bohr, L968; Fay, L97I; Namm & Ztcker, 1973). Hence, it
became evident that vasculat reactivity is directly sensitive to hypoxia. However, this

was soon challenged by un in vitro study showing that reactivity of the artery became

depressed only when smooth muscle cells became anoxic (Pittman & Duling, 1973).

It was therefore pointed out that the previously observed high sensitivity to hypoxia

was the result of anoxia within muscle cells (anoxic core hypothesis). They concluded

that these previous studies could not be used in support of a direct role for oxygen in

sirz. During the last two decades, the role of Oz in regulating vascular tone and its

mechanism have attracted much attention. But there are no consistent conclusions

because hypoxia-induced changes is not only species-, but also organ- or even

segment-dependent; under some circumstances, sarne vessels from same animal are

reported to have different response to hypoxia, probably due to different

experimental conditions, such as the level of the oxygen tension or preparation

procedures.

(1) Hypoxia and noncerebral vascular tone

Using small arteries, 200-500 ¡rm in diameter, of rabbit skeletal and cardiac

muscle, it is shown that physiological hypoxia induces relaxation, which does not

involve synthesis of prostaglandins, B-adrenergic activity, or restricted energy

metabolism, but involve sarcolemmal Na-K transport system (Detar, 1980). It is

suggested that hypoxia increases the passive influx of sodium by increasing its

membrane permeability, therefore increasing [Na* ]i. Increased [Na* ]1, by activating

electrogenic Na-K ATPase, hyperpolarizes muscle cells causing vasodilation (Detar,

1980). However, in isolated canine carotid artery, reduction of oxygen tension down

to 30 mmHg elicites a dose-dependent hyperpolarization and relaxation (Grote et al,

1988). Further decline in oxygen tension causes a reduction in the hyperpolarization,

or even depolanzation and active force development (Grote et al, 1988). On stepwise

retum of oxygen tension to the initial levels, the changes in membrane potential and

smooth muscle tension were reversible. Since biosynthesis of eicosanoids in various
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tissues is stimulated at low intracellular oxygen tensions (Markelonis & Garbus,

1975; Lands et al, 1978) and an increase in the release of prostacyclin and

prostaglandin Ez is observed during hypoxia (Stuart et al, 1984; Grote et al, 1988), it
is therefore hypothesized that release of prostaglandins from endothelial cells

mediates approximately 20% of the vascular oxygen reactivity @ickard, 1981; Busse

et al, 1984) and EDRF contributes to 80% of the changes in potential and tone. In

isolated femoral artery and aorta of rabbit, hypoxia (POz 20-40 mmHg) enhances the

release of EDRF and possibly other endothelial relaxant factors, suggesting a role of

endothelium as part of the oxygen-sensing processes (Pohl & Busse, 1989).

Therefore moderate hypoxia, which exists in small arteries and arterioles, might be a

physiological stimulus for continuous release of EDRF (Busse et al, 1985; Potrl &

Busse, 1989). Howevet during pronounced hypoxia with oxygen tension below 20

mmHg, the cyclooxygenase activity is suppressed (Lands et al, 1978) and

simutaneously, endothelial cells release one or more diffusible vasoconstrictor

substances (Grote et aI, 1988). Some investigators have found that hypoxia and

anoxia decrease the production of EDRF (Furchgott, 1983; Griffith et aI, 1984;

Vedernikov & Hellstrand, 1989), probably because of the different arteries and

experimental conditions used.

In arteries precontracted with either noradrenaline or serotonin, reduction of

POz below 40 mmHg leads to a reversible dilation in the presence of endothelium,

which is abolished after the removal of endothelium and indomethacin (Busse et al,

1983; Forstermann et al, 1984), indicating that the production of prostaglandins by

the endothelium may be the causal factor of hypoxic relaxation. In vivo studies have

shown that systemic hypoxia causes a decrease in coronary perfusion pressure and

coronary vascular resistance ('Wei et al, 1989). However in the presence of

continuously infused 8-phenyltheophylline, coronary perfusion pressure increases

and constriction occurs during hypoxia, suggesting that endogenous adenosine or

8-phenyltheophylline-sensitive purinergic mediators may be responsible for the

vasodilation during hypoxia and blockade of this vasodilation unmasks an underlying

coronary vasconstrictor response that might have resulted from c-adrenergic or

endothelium-dependent mechanisms (Wei et al, 1989). Although most of the

experiments with various preparations have shown an endothelium-dependent
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alteration in vascular tone during hypoxia, in canine femoral attery, neonatal lamb

ductus arteriosus, and rabbit thoracic aorta, it is not dependent on an intact

endothelium, suggesting that there may be different mechanisms for hypoxia-induced

alteration in vascular tone in different beds, even in adjacent vessels (Coburn et al,

1986).

Activation of ATP-sensitive potassium channel has been proposed for mediating

coronary vasodilation during early hypoxia in isolated perfused guinea-pig hearts

(Daut et al, 1990), because it can be prevented by glibenclamide and mimicked by

cromakalim. Because substances which decrease intracellular ATP concentrations,

such as cyanide and 2, -dinitrophenol (DNP), produce a pronounced vasodilation in

the presence of a high vascular PaOz mimicking hypoxic dilation, and is completely

blocked by glibenclamide, so the decrease in coronary resistance during hypoxia is

unlikely to be caused directly by the reduction of PaOz (Daut, et al, 1990). It is

therefore suggested that early hypoxic and ischemic vasodilation in isolated perfused

guinea-pig hearts may be mediated by the following sequence of events: (1)

hypoxia/ischemia induces opening of ATP-sensitive potassium channel in coronary

artery muscle cells which is mediated by a fall of intracellular ATP concentration or

by a rise in ADP concentration; (2) the outward current through ATP-sensitive

potassium channel produces a hyperpolarization, which reduces open-state

probability of voltage-dependent calcium channel, leading to a decrease in [Cu2 
*]i

and thus dilation of coronary resistance vessels (Daut et al, 1990).

That hypoxia and anoxia release a similar, diffusible vasoconstrictor substance(s)

from endothelial cells of canine coronary and femoral arteries as well as femoral

veins has been demonstrated (Rubanyi & Vanhoutte, 1985). The chemical nature of

this vasoconstrictor substance(s) from anoxic endothelial cells has not been

identified, but noradrenaline, serotonin, histamine or products of cyclooxygenase and

lipoxygenase have been ruled out by using appropriate pharmacological antagonists

(Rubanyi & Vanhoutte, 1985). In addition to changing vascular tone, anoxia

augments the contractile responses to prostaglandin FZø, potassium, noradrenaline,

and 5-hydroxytryptamine in several isolated canine arteries and veins (anoxic

facilitation) (Vanhoutte, 1976; van Nueten & Vanhoutte, 1980; De Mey &
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Vanhoutte, 1983). In artery rings without endothelium, anoxia inhibits spontaneous

tone and responses to vasoconstrictor agonists, therefore endothelial cells might play

an obligatory role in the anoxic facilitation in these blood vessels (Rubanyi &

Vanhoutte, 1985).

In contrast to the anoxic facilitation, in isolated rabbit thoracic aortic strips,

contraction responses to transmural electrical stimulation are inhibited during

hypoxia, and the concentration-response curve for exogenous noradrenaline is

shifted to the right (Lee et al, 1988). Likewise, in rabbit femoral and deep femoral

arteries, and small arteries taken from red and white skeletal muscle of the rabbit,

contractile responsiveness of all samples to noradrenaline, adrenaline, and histamine

becomes progressively depressed when oxygen tension is reduced (Chang & Detar,

1980). In addition, the contractile activity of rat portal vein, which is electrically

charactenzed by bursts of action potentials associated with spontaneous contraction,

is inhibited in a graded manner by reduced PO2 (Lovgren & Hellstrand, 1985). The

cellular mechanisms leading to reduced mechanical activity are still largely unknown,

but increased potassium permeability and decreased calcium permeability may

contribute to this adjustment (Ekmehag & Hellstrand, 1989).

Unlike hypoxia-induced changes in systemic vessels, in pulmonary vascular

smooth muscle, hypoxia consistently causes a constriction, which is

calcium-dependent (Tucker et al, L976; Harder et al, 1985; McMurtry, 1985; Rubin

et al, 1981). Its true mediator is still not identified, although histamine,

catecholamine, and serotonin have been ruled out (Miller et al, 1989). In isolated

rings of bovine intrapulmonary arteries, Na/Ca exchange system is impaired during

hypoxia resulting in decreased calcium extrusion (Salvaterra et al, 1989). In isolated

lamb lungs, addition of both indomethacin and a thromboxane synthetase inhibitor

and a thromboxane receptor antagonist results in abolition of venous constriction

during hypoxia, but enhancement of arterial constriction (Raj & Chen, 1987), while

leukotriene antagonist and 5-lipoxygenase inhibitor abolish the constriction

completely, therefore indicating that leukotrienes may mediate aúenal and venous

constriction with thromboxane A2 being necessary for venous constriction (Ahmed &

Oliver, 1983; Morganroth et al, 1984a, b; Raj & Chen, 1987). At the same time, the
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production of prostacyclin and prostaglandin Ez in pulmonary arteries of calves is

reported to be decreased (Badesch et al, 1989). Nevertheless, there is evidence

against the role of both lipoxygenase and cyclooxygenase pathways in the contraction

induced by hypoxia in pulmonary arteries (Garrett et al, 1987; Ovetsþ et al, 1987;

Shuster & Dennis, L987; Miller et al, 1989; Thomas et al, 1989). Therefore the

explanation for these differences between species remains to be clarified.

The role of endothelium in pulmonary hypoxic vasoconstriction is an ongoing

debate. It has been shown that response of pulmonary aúery without endothelium to

hypoxia is diminished, but not abolished (Rodman et al, 1989; Johns et al, 1989),

suggesting a modulatory rather than obligatory role of endothelium. EDRF has been

found to be released in vitro during hypoxia (Rodman et al, 1988; Mazmanian et al,

1989) and this released EDRF, if present in vivo, may modulate pulmonary hypoxic

vasoconstriction through a yet undefined mechanism (McCormack, 1990). However,

some studies have suggested that hypoxic pulmonary vasoconstriction is dependent

on the presence of functioning endothelium and hypoxia-induced inhibition on the

release or the action of EDRF from pulmonary artery endothelial cells may also have

a role (Rodman et al, 1990).

(2) Hypoxia and cerebral vascular tone

Compared to systemic and pulmonary vessels, not much work has been done with

isolated cerebral arteries and the effect of hypoxia on them. Studies with isolated

cerebral arteries (basilar, middle cerebral and posterior communicating arteries)

from neonatal lamb have shown that all three arteries relax in response to hypoxia

(Gilbert et al, 1990). The mechanism responsible for the relaxation during hypoxia is

not known, but it might involve the release of endothelium-derived relaxing factor

(Busse et al, 1983), changes in calcium uptake or extrusion (Pearce, 1986), or

changes in glycolytic capabilities (Karaki et al, 1982). In isolated rabbit common

carotid, internal carotid, and basilar arteries, hypoxia elicits a relaxation with

significantly increased cyclic GMP levels in the cells, which are blocked by metþlene

blue or removal of the endothelium (Pearce et al, I99O). Therefore cyclic nucleotide

metabolism has been proposed as one of the mechanisms involved (Pearce et al,

1990). However in vivo experiments have shown no effect of methylene blue on
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hypoxic cerebral vsodilation (Pearce et al, 1990), suggesting that large and small

cerebral arteries may differ significantly in terms of either endothelial function or

sensitivity to methylene blue, or another mechanism causing cerebral vasodilation

during hypoxia in vivo compensates for the effect of guanylate cyclase inhibition

(Pearce et al, 1990).

Studies with canine basilar artery have shown that hypoxia causes an increase in

active tension, which is not reduced by phentolamine, atropine, methysergide, and

indomethacin (Mallick et al, 1987). Nor is it mediated through adrenergic nerves

because noradrenaline produces a much smaller contraction than hypoxia. It is not

due to the rigor of metabolically compromised cells because it is calcium dependent.

4-Aminopyridine potentiates, hydroquinone and adenosine inhibit it (Mallick et aI,

1987; Elliott et al, 1989). It is only partially dependent on the endothelium because

significant hypoxic contraction persists in the absence of endothelium (Elliott et al,

1989), although it is demonstrated elsewhere that it is due to the release of an

endothelium-derived constricting factor and is endothelium-dependent (Rubanyi &

Vanhoutte, 1985; Katusic & Vanhoutte, 1986).

Anoxia also augments contractile responses to vasoconstrictors, e.g., KCl,

prostaglandin Fzo, and hemoglobin, in isolated canine basilar artery (De Mey &
Vanhoutte, 1982), through endothelium-dependent mechanism as well as a direct

action on vascular smooth muscle (Katusic & Vanhoutte, 1986). Because the latter

action needs smooth muscle to be slightly activated, it is proposed that anoxia

presumably curtails the basal production of endothelium-derived relaxing factor

(Katusic et al, 1984) and evokes or facilitates the release of endothelium-derived

constrictors, which results in partial activation of smooth muscle (Katusic &
Vanhoutte, 1986). In activated smooth muscle, anoxia presumably diverts

arachidonic acid from the cyclooxygenase to the lipoxygenase pathway during

hypoxia, and lipoxygenase products exert a positive feedback on the entry of calcium,

causing contraction which can be antagorized by calcium antagonists (Katusic &
Vanhoutte, 1986). The augmentation is not due to the responses to adrenergic nerve

stimulation, nor is it mediated by ø1-adrenergic, serotoninergic, or H1-histaminergic

receptors (Nakagomi et al, 1987). It is suggested that hypoxia facilitates calcium entry
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through both receptor-operated and voltage-dependent channels, which may result

from the property change of cell membrane, although the exact mechanism for the

calcium entry during hypoxia is still unclear (Nakagomi et aI, 1987).

Contrary to the hypoxic contraction in isolated canine basilar artery, in vivo

experiments have shown that hypoxia produces marked cerebral arteriolar

vasodilation and increased cerebral blood flow (Kontos et al, 1978; Ashwal et al,

1980; Hoffman et al, L984; Koehler et al, 1986; Derrer et al, 1990). Several

mechanisms have been proposed (See Chemical regulation in Regulation of

Cerebral Blood Flow), but none has been confirmed.
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REGULATION OF CEREBRAL BLOOD FLOW

1. Vascular anatomy of the brain

Brain is supplied primarily by two sets of paired arteries, carotid and vertebral

(Carpenter, 1978), which lie in the subarachnoid space. Two vertebral arteries join at

the junction of the pons and medulla oblongata and form the basilar artery. The

internal catotid arteries and the basilar artery join to form the circle of Willis at the

base of the cerebrum. From this vascular backbone, branches supply the brain

parenchyma. In general, carotid arterial system supplies rostral areas of the brain

(cerebrum and diencephalon), while vertebral system supplies caudal areas of the

brain (midbrain, pons, medulla, and cerebellum) (Heistad et al, 1980; Orr et al,

1983). Veins emerge from the brain and also lie in the subarachnoid space. They

pierce the arachnoid mater and the meningeal layer of the dura, draining into the

cranial venous sinuses. The venous drainage of the brain is more variable and differs

among species (Hegedus & Shackelford, 1965). Although it was previously believed

that brain does not have a well-defined lymphatic system compared with other

organs, approximately 50% of albumin injected into cerebral tissues passes into deep

cervical lymphatics (Bradbury et al, 1981). Cerebrospinal fluid is also involved in the

removal of proteins from the brain (Bradbury et al, 1981).

Three unique features of the cerebral circulation deserve comments. First, it lies

within a rigid structure, the cranium. The volume of blood and of extravascular fluid

caî vary considerably in most tissues. However in the brain, they are relatively

constant; changes in the volume of either of these two fluid comparhnents must be

accompanied by a reciprocal change in the other. Therefore the total cerebral blood

flow is held within a relatively narrow range; in humans it averages 55 mfmin/100 g

of brain (Leenders et aI, 1990). Second, in apparent contrast to other regional

circulations, large cerebral arteries, including internal carotid and basilar arteries,

circle of 'Willis, and direct branches of the arteries, are major resistance sites to blood

flow (Heistad et aI, 1978;' Baumbach & Heistad, 1983; Mchedlishvili, 1986; Faraci &
Heistad, 1990). Classical physiology tells us that small arteries and arterioles are the

major sites of vascular resistance; greatest pressure drop occurs in vessels less than
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100 ¡rm in diameter (Bern &. Levy, 1986). But in cerebral circulation, pressure in the

largest intracranial vessels, such as basilar artery, is approximately 80% of aortic

pressure (Faraci et al, 1988) and that in pial arterioles approximately 200 Fm in

diameter is only 50-60% of systemic pressure (Tamaki & Heistad, 1986; Faraci et al,

1988). This arrangement safeguards cerebral circulation from vascular "steal" during

focal increase in blood flow (Abboud, 1981; Busija & Heistad, 1984; Faraci &
Heistad, 1990), i.e., large cerebral arteries and arterioles may form a pressure

equalization reservoir which maintains uniform pressure over the brain surface,

while smaller arterioles serve as distributors of blood flow to meet local conditions

(Busija & Heistad, 1984; Faraci & Heistad, 1990). The third unique feature is that

cerebral vessels, especially the small arterioles and capillaries, possess a blood brain

barrier between blood and brain interstitial space. The morphological barrier is

composed of continuous endothelium with tight junctions between adjacent cells

(Rapoport, 1976). Endothelium functions not only as a mechanical barrier to the

circulating stimuli but also as a critical site in modulating cerebral vascular tone by

producing vasoactive factors (Furchgott & Vanhoutte, 1989). The biochemical

barrier consists of high levels of degradative enzymes that serve to prevent

circulating substances from passing into the brain (Rapoport, 19761' Edvinsson &
MacKenzie et, 1977; Ghersi-Egea et al, 1988; Meyer et al, 1990).

Blood brain barrier is not absolute; in some areas, such as choroid plexus, the

posterior pituitary, median eminence, and area postrema, the barrier is less

restrictive (Rapoport, 1976). It may also be disrupted transiently or pennanently by

hyperosmolar substances (Rapoport, 1976) or acute hypertension (Johansson &

Norborg, 1978) so that circulating neurotransmitters that are normally excluded from

the brain may affect vascular tone and cerebral metabolism. Neurotransmitters

normally do not transverse blood brain barrier, but antagonists, precursors, and

related agonists often do. For example, dopamine crosses blood brain barrier poorly

(Oldendorf, l97I), but apomorphine (agonist) and haloperidol (antagonist)

transverse the barrier (McCulloch et al, I982a, b). L-dopa (precursor of dopamine)

readily crosses blood brain barrier and is rapidly converted into dopamine thereafter

(Oldendorf, I97l; De La Torre & Mullen, I97I), exerting pharmacological effects in

patients with Parkinson's disease.
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2. Regulation of cerebral circulation

The adult brain constitutes about 2-3% of the total body weight, yet it receives

15-20% of the cardiac output and uses 2OVo of the oxygen consumed by the body

(Ernsting, L963). Of the various body tissues, brain is the least tolerant to ischemia.

Intemrption of cerebral blood flow for as little as a few seconds results in loss of

consciousness. Fortunately, regulation of the cerebral circulation is mainly under the

control of the brain itself, and under certain conditions brain regulates its blood flow

by initiating systemic changes such as blood pressure and heart rate (Gonalez et aI,

1972). For example, elevation of intracranial pressure results in an increase in

systemic blood pressure (Cushing, 1903), which is called Cushing's phenomenon. This

is traditionally thought to be due to increased systemic vascular resistance caused by

ischemic stimulation of vasomotor regions of the medulla (Hoff & Reis, 1970). The

regulation of cerebral blood flow, as in other regional circulations, is controlled

primarily by five factors: metabolic stimuli, perfusion pressure, chemical stimuli,

autonomic nerves, and humoral factors. However, the relative importance of each of

these factors in regulating cerebral circulation differs from that in other organrs.

(1) Metabolic Regulation

A high level of resting metabolic rate and a heavy dependence on aerobic

metabolism require that brain have an unintemrpted and high blood flow and a tight

coupling between metabolism and blood flow. The coupling mechanism is still

unknown in spite of numerous attempts in the last century to solve this problem,

which is central to cerebral circulatory physiology. The Roy and Sherrington

hypothesis, i.e., increased neuronal metabolic activity gives rise to the accumulation

of vasoactive catabolites, which decrease vascular resistance and thereby increase

blood flow until normal homeostasis is reestablished, has been widely accepted (Roy

& Sherrington, 1890¡. PCOz (Lassen, 1959), extracellular pH (Skinhoj, 1966), and

adenosine (Rubio et aI, 1975) have been proposed to be the possible coupling factors

because they are vasodilators and their levels are directly influenced by the local

energy metabolism. K* ]s has also been postulated as a possible coupler, although it

is involved indirectly via its prominent role in membrane function in neurons and

smooth muscle cells (Kogure et aI, 1970). However, neither hydrogen nor potassium
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ion is fully qualified because the effect of [K* ]i and/or [H* ]i released into the

extracellular environment following neural activation is probably too slow to account

for the rapid adjustment of blood flow (Silver,1978).In addition, neuronal activation

by amphetamine is accompanied by a three-fold increase in flow without any changes

in the levels of [H* ]o and K* ]o (Berntman et al, 1978). Adenosine, a cotilnon

metabolic by-product formed as a result of dephosphorylation of AMP by

S'-nucleotidase (Kreutzberg et al, 1978), appears to be the most promising candidate

(Lou et al, L987). Adenosine is a potent vasodilator in the cerebral arterioles (Wahl

and Kuschinsky, 1976; Phillis, 1989) and its concentration increases under some

conditions, such as hypoxia (V/inn et al, 1981; Laudignon et al, 1990), ischemia

(Winn et al, 1979; Phillis et al, 1987), hypotension (Winn et al, 1980), and seizures

(Dragunow, 198ó) (See Chemical Regulation). However, the presence of the

necessary temporal relationship between accumulation of adenosine and flow

increase under some conditions is still argued (Dora et al, 1980).

There are a number of examples of disproportionate increase in flow compared

to increase in metabolism during activation (Lou et al, L987). Such an

overcompensation has been demonstrated in hyperthermia and status epilepticus

where cerebral blood flow increases more than metabolic requirements, rendering

the coupling mechanism based on the notion of metabolic homeostasis unlikely (Fox

& Raichle, 1986; Lou et al, 1987). Since these states are nonphysiological, the

extrapolation from them to the coupling between normal neuronal activity and flow

may be misleading. Other factors that might be involved, such as glycolytic

intermediates, have been explored, but no satisfactory results have been obtained

(Dora et al, 1985). Although there is a close association between cerebral

metabolism and blood flow, it does not prove one (metabolism) to be the

determinant of the other (flow). A new model has been proposed that the two

variables may be governed by a common third factor which might be the innervation

(Lou et al, 1987). In this regatd, it is important to consider both the extrinsic nerve

supply to cerebral circulation from cranial ganglia and the possible supply of

intracerebral neurons to the same blood vessels. Those nerve fibers form a dense

plexus in the walls of cerebral vessels. Therefore, neurons containing

neurotransmitters (e.9., acetylcholine, dopamine, noradrenaline, serotonin,
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1-aminobutyric acid) which are vasoactive, may activate arterioles as well as target

neurons and can, in principle, constitute the coupling mechanism between

metabolism and flow. For example, systemically administered catecholamines only

have moderate effect on cereb¡al circulation because of the presence of blood brain

barrier @dvinsson, 1982). However, if the blood brain barrier is circumvented, then

there will be an increase in cerebral blood flow out of proportion to the increase of
metabolism, which cannot be totally explained as a direct vascular effect of some

metabolites or as a result of increased cerebral metabolism, because measurements

of metabolites in brain tissue fail to show any alterations in cerebral cortical

glycogen, lactate, AMP, ADP, ATP or cyclic AMP (Berntman et al, lgTB).

Stimulation of neurogenic dilatory p-adrenoceptors may be assumed to be at least

partly responsible for the flow increase (Berntman et al, 1978). It should be

emphasized, however, that direct anatomical or functional evidence for local

neurogenic control of cerebral blood flow is still lacking and the neural model does

not exclude the well-documented existence of homeostatic mechanisms that involve

chemical substances related to energy metabolism (H* , K* , adenosine etc.). The

latter is more suited for global, large-scale, or long-lasting energy deficits, whereas

the new neuronal regulation would be ideal for achieving the great spatial and

temporal precision of coupling of metabolism and flow during normal brain work

(Lou et al, 1987).

(2) Perfusion Pressure

Under steady state conditions, cerebral blood flow is maintained relatively

constant over a wide range of perfusion pressure ranges (approximately ó0-150

mmHg), which is called autoregulation. (Harper, 1966). Autoregulation of the

cerebral circulation was first observed by Fog (Fog, 1937) when he studied pial

vessels of the cat through a cranial window. In his review on cerebral blood flow,

Lassen established the concept of cerebral autoregulation in terms of the constancy

of blood flow during changes in perfusion pressure, and it was demonstrated that a

lower limit existed (Lassen, 1959). Later the concept of cerebral blood flow
autoregulation is defined by Heistad and Kontos as the occurrence of vasodilatation

when cerebral perfusion pressure decreases and the occulïence of vasoconstriction
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when perfusion pressure increases (Heistad & Kontos, 1983), which stresses the

vasomotor function of the resistance vessels. Other authors fînd that the definition of

autoregulation in terms of constancy of flow is more appropriate simply because of

the easy access and measurements of cerebral blood flow experimentally and

clinically (Strandgaard et al, 1973; Paulson et al, 1989). It is believed that below the

lower limit of perfusion pressure, cerebral blood flow decreases as the vasodilation

becomes insufficient even though the resistance vessels are not maximally dilated

(MacKenzie et al, 1976). The oxygen consumption of the brain can be maintained by

increasing the extraction of oxygen from blood. If arterial pressure decreases further,

even this mechanism becomes inadequate and the net result is a decrease in the

cerebral metabolic rate of oxygen (Paulson et al, 1989). Above the upper limit,

vasoconstriction leads to increased intracranial pressure and decreased cerebral

blood flow (MacKenzie et al, 1976). The increased intraluminal pressure results in a

forceful dilation of segments of the arterioles, leading to variations in vessel caliber

and damage to the blood brain barrier (Solaab et al, 1988). As a result, secondary

decrease in flow may develop due to brain edema.

Possible mechanisms underlying cerebral autoregulation include neurogenic,

myogenic and metabolic factors. Earlier studies have demonstrated that although

activation of arterial baroreceptors leads to cerebral vasoconstriction via rcf7ex

pathways, section of sympathetic nerves supplying cerebral vessels or stimulation of

nerves putatively supplying dilator fibers to cerebral vessels does not alter

cerebrovascular response to alterations in arterial pressure (Busija & Heistad, 1984).

However, sympathetic nerves may modify the pressure-flow relationship during

severe hypertension and perhaps hypotension.

Myogenic factors may play a role in autoregulatory response. The site of

myogenic autoregulatory response has been thought to be the vascular smooth

muscle (Johnson, 1980). However recently it has been postulated that endothelium

may also be the site of autoregulation because its presence is essential for changes in

vascular tone evoked by increases in flow/shear stress (Holtz et al, 1984; Frangos et

al, 1985; Rubanyi et al, 1986) and stretch/pressure (Katusic et al, 1987; Harder, L987;

Rubanyi, 1988). Mechanoreception is the most widely distributed sensory modality

5ó



and it contributes to the senses of hearing, orientation to local gravity and touch, and

it is also required for coordinated movements. Blood vessels have the ability to sense

changes in mechanical forces too, autoregulation being an example. Increases in

transmural pressure are reported to modulate the release of diffusible and

bioassayable vasoactive factors from the endothelium, or inhibit the release of

endothelium-derived relaxing factors (Takeda et al, 1987; Freay et al, 1991). The

pressure-induced endothelium-mediated contractile response in either cerebral or

renal arteries is not inhibited by indomethacin but NDGA, a lipoxygenase inhibitor,

blocks this pressure-induced contraction (Harder, t987). The metabolism of
arachidonic acid by these pathways also produces free radicals which are vasoactive,

but oxygen-derived free radicals dilate cerebral arteries, suggesting that they

probably do not mediate pressure-induced contraction of cerebral arteries (Rubanyi

et al, 1990). Endothelin is a potent constrictor of cerebral arteries, but because of its
long-lasting or irreversible contractile profile, it does not fit the pharmacological

property of an endothelial constrictor substance released upon rapid elevation of
perfusion pressute (Rubanyi et al, 1990). On the other hand, increase in intraluminal

pressure has been found to depress endothelium-dependent relaxation, which is

sensitive to membrane potential because this pressure-induced depression of
endothelium-dependent relaxation is inhibited by increased [K* ]e (Freay et al,

1991). This is supported by the experiments in which potassium channel blockers,

cesium and barium prevent the pressure-induced contraction (Rubanyi et al, 1990).

Since shear stress causes membrane hyperpolarization (Olsen et aI, 1988) and

increase in transmural pressure causes depolanzation (Rubanyi, 1988), it is suggested

that potassium channels are the pressure and shear stress 'sensors' in the endothelial

cell membrane (Rubanyi et al, 1990). However the mechanisms involved in the

alteration of the channel behaviour by these physical forces remain to be elucidated.

Based on the current view, pressure-induced contraction of cerebral vascular

smooth muscle is mediated by (1) endothelium through either reduced release of

relaxing factor and/or hyperpolarizing fac|or or facilitated release of a constricting

factor, and (2) direct action on vascular smooth muscle cells. Thus endothelium can

serve as a pressure transducer and may mediate or contribute to the 'myogenic'

response, which may play a role in the autoregulation of cerebral blood flow invivo.
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autoregulation, including [H+ ]o, K* ]s and adenosine. All three substances have

Metabolic factors have also been proposed as important mediators of

been proved to dilate cerebral vessels (Busija & Heistad, 1984), but only adenosine

concentrations have been found to be increased when arterial pressure decreases

within autoregulatory ranges (Wahl & Kuschinsky, 1979; wirìn et al, 19s0). Muny

factors, such as limitation of oxygen, changes in intracellular and extracellular ions,

perfusion pressure or neural mechanisms, might serve as the initiating mechanism

for adenosine release (Winn et al, 1980), but the lack of oxygen seefiis to be a major

factor in triggering adenosine release, because hypotensive (50-60 mmHg) pial

vasodilation can be reversed by cerebrospinal fluid equilibrated with high

concentrations of oxygen (Kontos et al, 1978). However there are some discrepancies

in this reasoning. Adenosine antagonist, caffeine, administered intraperitoneally,

fails to alter the autoregulatory flow responses to marked reductions in arterial blood

pressure (Phillis & Delong, 1986).

There are some pathological conditions under which cerebral autoregulation is

affected. During severe hypercapnia and hypoxia, cerebral arteries dilate with a

pronounced increase in cerebral blood flow. Autoregulation is then impaired as

cerebral blood flow passively follows arterial pressure (Busija & Heistad, 1984; Ong

et al, 1987). It is presumed that because cerebral vasodilation is already substantial

under these conditions, additional capacity for dilation to compensate for a fall in
arterial pressure is small. V/hen the arterial pressure increases, acidosis and

metabolic factors induced by hypercapnia and/or hypoxia inhibit autoregulatory

vasoconstriction, so that increases in arterial pressure produce passive increase in

cerebral blood flow. Another mechanism for the loss of responsiveness during

hypoxia is a reduction in energy metabolism due to a lack of oxygen for the

completion of electron transport in the mitochondria (Namm &. Zucker, L973).

However this does not explain the persistence of the impairment of the vascular

responses after reoxygenation, which has been observed in dogs (Haggendal &
Joharrsson, L965), cats (Freeman & Ingvar, 1968), newborn lambs (Tweed et al,

1986), and rats (Ong et at, 1987; Kettler et al, 1989). In cats, 2-5 min of systemic

hypoxia causes an impairment of cerebral blood flow autoregulation during the

2-hour posthypoxia period (Freeman & Ingvar, 1968). In newborn lambs, a more
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prolonged hypoxia stress (20 min) is needed for autoregulation impairment to occur,

which lasts for 7 hours (Tweed et al, 1986). A brief period of hypoxia for 30 seconds

is sufficient to impair autoregulation in rat pial arterioles 30 min after the hypoxic

episode, which is long-lasting (Ong et al, l9S7). The difference may be related to

species, age of the animals, severity of hypoxia, ild other experimental conditions.

Detar (1980) suggested that Na-K ATPase may be affected during hypoxia. Mallick

et al (1987) later reported that ouabain was able to protect isolated canine basilar

aúery from postþpoxic impairment, suggesting a role for the electrogenic sodium

pump during reoxygenation. Because ouabain also prevented the loss of
responsiveness of pial vessels during reoxygenation in rats (Kettler et al, 1989), it was

suggested that Na-K ATPase was involved in the impairment of the cerebral blood

flow autoregulation. In addition, blocking Na-K pump would also prevent the

reduction of [Na+ ]¡ and reduce the extrusion of calcium vi¿ Na-Ca exchanger. In

either case as long as the Na-K pump is blocked, the smooth muscle does not lose its

ability to respond normally after hypoxic insult (Kettler et aI, 1989). Other

mechanisms may also be involved in the impairment of vascular function after

ischemia or hypoxia. In the posthypoxia period, oxygen-derived free radicals may be

produced as oxygen molecules become more easily available (McCord, 1985). These

free radicals may also play a role in alterations of pial vessel responses after hypoxia.

However, their exact role in this phenomenon needs to be assessed. In
uncomplicated arterial hypertension, autoregulation of cerebral blood flow is
pteserved, but the lower and upper limits are shifted toward higher values of arterial

pressure (Paulson et al, 1989). This is because the capacity of the resistance vessels

for maximal vasodilation is reduced as a consoquence of the structural and functional

changes in cerebral resistance vessels. Thus, the tolerance to decreases in arterial

pressure is impaired (Paulson et al, 1989). On the other hand, this intolerance to

acute hypotension concomitantly improves the tolerance of the brain to

hypertension, because as a result of a rightward shift of the upper limit of
autoregulation curve, hypertensive patients can tolerate higher arterial pressures to a

greater extent than normotensive persons (Paulson et al, 1989).
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(3) Chemical Regulation

Alterations in PaCOz and PaOz have profound effects on cerebral vascular tone.

Hypocapnia results in arterial constriction and reduced cerebral blood flow, whereas

hypercapnia causes arterial dilation and increased cerebral blood flow (Busija &
Heistad, 1984). These changes are due solely to changes in PaCO2 because

alterations in arterial pH independent of PaCOz have minimal effects on the blood

flow (Harper & Bell, 1963). During hypercapnia, cerebral blood flow increases in all

major regions of the brain, although the magnitude is greater in cortical gray matter

than in white matter (Busija & Heistad, 1933) and is minimal in the choroid plexus

and posterior pituitary (Hanley et al, 1983). Resistance vessels of all sizes contribute

to the increase in cerebral blood flow (Busija & Heistad, 1984). The temporal

response of blood flow to abrupt increases in inspired COz is rapid, that a detectable

change in pial arterial diameter or cerebral blood flow is apparent within I-2 mlrrr,

reaching a steady state within 8-12 min (Busija & Heistad, 1984). The mechanism of
hypercapnia-induced dilation of cerebral arteries is not entirely clear. However, the

currently acceptable concept is that PaCOz affects cerebrovascular tone via changes

in brain [H* ]o. Varying cerebrospinal fluid pH in the vicinity of pial arteries directly

alters pial arterial diameter, i.e., acidosis dilates and alkalosis constricts (Schneider et

al, 1977). Changes of [HCO:-] in cerebrospinal fluid and of PaCOz independent of

changes in local pH have no effects on pial arterial tone (Kontos et al, 1977). During

hypocapnia, cercbral blood flow decreases due to an increase in cerebrospinal fluid

pH.

PaOz also has major effects on cerebrovascular tone. Reduction of PaOz below

40-50 mmHg results in arterial dilation and increased cerebral blood flow
(Borgstrom et al, 1975; Busija & Heistad, 1984; Anwar et al, 1990). As during

hypercapnia, blood flow increases to all major areas of the brain during hypoxia, and

it is greater in cortical gray matter than in white matter (Busija & Heistad, 1983) with

a gteatet increase in caudal structures in comparison to rostral structures (Anwar et

aI, t99O; Kissen & Vy'eiss, l99l). The temporal course of hypoxia-induced cerebral

dilation is rapid and detectable changes in pial arterial diameter and cerebral blood

flow occur within 30-60 seconds and steady-state is achieved within 5-10 minutes
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(Borgstrom et al, 1975). Loeal mechanisms are sufficient to account for cerebral

vasodilator response to hypoxia, and neither central ø-adrenoceptors (Kissen &
'Weiss, l99l) nor peripheral chemoreceptors (Anwar et al, 1990) participate

substantially in cerebral vasodilation during hypoxia. However, in
chemoreceptor-denervated animals (Anwar et al, 1990) or after central

cr-adrenoceptors are blocked (Kissen & Weiss, 1991), there are no more regional

differences of increase in cerebral blood flow, the mechanism of which is unclear. In

newborn piglets, sympathetic reflex vasoconstriction modulates regional cerebral

blood flow during acute asphyxia, but it does not attenuate cerebrovascular

hyperemia after reventilation (Goplerud et al, 1991). Systemic hypoxia can lead to

production of lactic acid by the brain, but cerebral acidosis is not an important factor

in cerebral vascular responses during initial period of hypoxia and may not be

sufficient to maintain increased cerebral blood flow during prolonged hypoxia

(Busija & Heistad, 1984). Adenosine has been proposed to be an important mediator

of cerebral vasodilation during hypoxia (Winn et al, 1981a, 1983; Phillis, 1939). At

the onset of hypoxia, when cerebral blood flow increases substantially, brain

adenosine levels increase 6-7 fold (V/inn et al, 1981a), at which concentrations

potent vasodilation of pial arterioles is obtained (Wahl & Kuschinsky, 1976).

Adenosine, when perfused ventriculocisternally, increases cerebral blood flow in a

dose-dependent manner (Laudignon et al, 1990a), though the effects of
intraarterially perfused adenosine on cerebral blood flow vary between species

(Phillis et al, 1984) because of its inability to readily cross the blood brain barrier. In

addition, hypoxia-induced increase in cerebral blood flow can be reduced by caffeine,

suggesting that at least part of the increased cerebral blood low is due to adenosine

released by the brain (Phillis et al, 1984). The failure of caffeine to completely

reverse the cerebral hyperemia during hypoxia may indicate that either the

concentration is not adequate or other vasoactive substances, such as K* , are also

involved in the hyperemia response, because [K* ]o, which can cause a dilation of

pial blood vessels when applied topically (Kuschinsþ & 'Wahl, 1978), is increased in

the cerebrospinal fluid during cerebral hypoxia (Morris, 1974; Kirshner et aI, 1975).

The enhancement of cerebral anoxic hyperemia by inhibitors of adenosine uptake

(dipyridamole and papaverine, Phillis & Wu, 1982; Phillis et al, 1984) and adenosine
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deaminase inhibitors (Phillis et al, 1985) further supports the role of adenosine in

hypoxia-induced increase in cerebral blood flow. However, controversy still exists.

Siesjo and his associates have indicated that hypoxia sufficient to cause a 4-5 fold

increase in cerebral blood flow may be unaccompanied by utt increase in adenosine

concentration in the steady state (Nilsson et al, 1978). Others have shown that

pretreatment with adenosine deaminase, which inhibits adenosine-induced

vasodilation, does not diminish the vasodilation seen with hypoxia (Dora et al, 1980).

Aminophylline, an adenosine antagonist, does not prevent the increase in cerebral

blood flow in response to hypoxemia (Bowton et al, 1988). At present, it is clear that

both cerebral blood flow and concentrations of adenosine in the brain are increased

during hypoxia; but if there is a cause-effect relationship between these two still
remains to be elucidated even though adenosine is a well-proven vasodilator.

(4) Autonomic Regulation

Cerebral blood vessels are densely innervated by sympathetic nerves that

originate primarily from the superior cervical ganglia (Nielsen & Owman, 1967;

Edvinsson, L975), where the cell bodies are found. But some perivascular fibers

emanate from the stellate ganglion (nerves to the vertebral artery and the distal part

of the basilar artery). The nerve fibers, which contain various neurotransmitters

(Edvinsson, 1985), are located in the adventitia and at the outer border of the medial

layer. The irrnervation extends down to the smaller arterioles, or possibly even to

precapillaries, and are regularly seen in cerebral veins. The density of sympathetic

innervation is greater in large arteries and perhaps in vessels of the anterior cerebral

circulation (Nielsen & Owman, L967; Edvinsson, 1975). Noradrenaline, as well as

other adrenergic agents, may induce constriction of isolated cerebral arteries in a

concentration-dependent manner, which is antagonized by c-adrenergic antagonists

(Edvinsson, 1983). Conversely, precontracted cerebral arteries are dilated by

catecholamines through an interaction with B-adrenoceptors (Edvinsson & Owman,

1974). In vivo however, the situation is more inconsistent. Some have shown an

increase in cerebral blood flow after intraarterial or intravenous administration of
catecholamines, others have shown no change in flow, and most frequent result is a

slight decrease in perfusion (Lou et al, 1987). The diversity of the findings may be
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related to either variable numbers of cr- and p-adrenoceptors in different cerebral

vascular regions and species or variable permeability of blood brain barrier to

catecholamines in different experimental models. Based on cunently available data,

it is concluded that systemic administration of catecholamines has only modest direct

influence on cerebral circulation via cr- and B-adrenoceptors in the vessel wall

(Edvinsson, 1982) (See Metabolic Regulation). Cerebral blood flow does not change

during sympathetic stimulation, however, despite constriction of large arteries,

because resistance of small downstream vessels decreases (Baumbach & Heistad,

1983). Dilation of small vessels is presumably a response to the fall in microvascular

pressure (Faraci & Heistad, 1990). However, the possibility that this may be a direct

neural effect cannot be excluded. In contrast, during acute hypertension, activation of

sympathetic nerves and increases in pressure within small arteries may work

concordantly to produce constriction of small vessels, resulting in important effects

on cerebral blood flow (Bill & Linder, 1976; Tamaki & Heistad, 1986).

Large cerebral arteries as well as parenchymal vessels are also richly innervated

by two vasodilator systems: parasympathetic system, storing vasoactive intestinal

peptide, peptides histidine and isoleucine, acetylcholine and neuropeptide Y;

sensory system, mainly originating in the trigeminal ganglion, storing substance P,

neurokinin A and calcitonin gene related peptide (Bevan & Brayden, 1987;

Edvinsson & McCulloch, 1987; MacKenzie & Scatton, 1987; Arneric et al, 1988;

Edvinsson, 1991). The large precursor molecules of these peptides are processed to

smaller fragments by proteolytic cleavage, which are subjected to a series of

posttranslational modifications. One and the sarne gene can sometimes give rise to

several mRNA transcripts by alternative splitting of the mRNA precursor (Edvinsson

et al, l99l). The different mRNA may each give rise to separate peptide precursors.

The discovery that neurons can produce, store and release more than one transmitter

has attracted considerable attention as to how these neuropeptides co-exert their

actions. It is postulated that activation of parasympathetic nerves may decrease

resistance of large arteries and increase microvascular pressure without altering

cerebral blood flow (Faraci & Heistad, 1990). In contrast, vasoactive intestinal

peptide dilates cerebral arteries, arterioles and veins and increases cerebral blood

flow (Heistad et al, 1980; McCulloch & Edvinsson, 1980; Wei et al, 1980), which is
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unaffected by cholinergic blockade, p-adrenoceptor blockade (Larsson et al, 1976).

Unlike acetylcholine-induced relaxation, vasoactive intestinal peptide-induced

relaxation is not endothelium-dependent (Lee et al, 1984). Immunocytochemical

evidence indicates that vasoactive intestinal peptide neurons can also make intimate

contact with other cortical neurons and with cortical vessels, making it a possible

mediator involved in the interrelation among neuronal activity, energy generation

and local blood flow (Edvinsson et al, 1991).

Alternative processing of primary transcripts from calcitonin gene leads to the

expression of two different mRNAs which encode either calcitonin or a 37-amino

acid peptide, calcitonin gene related peptide (Edvinsson, 1985). Calcitonin gene

related peptide is a potent dilator of cerebral arteries invitro and in vivo (Edvinsson,

1985; McCulloch et al, 1986). In animals in which the trigeminal ganglion has been

lesioned, vasoconstrictor responses to alkalosis, BaCl2, prostaglandin Fzg. and

noradrenaline are significantly prolonged (McCulloch et al, 1986), suggesting that

the trigeminocerebrovascular system may be involved in the restoration of normal

cerebrovascular diameter in conditions of pronounced vasoconstriction. Since

calcitonin gene related peptide is a strong vasodilator and substance P is a rather

weak one (Edvinsson et al, 1991), the former is the likely candidate for the

'antivasoconstrictor' role. The involvement of perivascular sensory fibers containing

substance P and calcitonin gene related peptide in subarachnoid hemorrhage has

been studied in a rat model (Edvinsson et al, 1990). Two days after blood injection

when maximum vasoconstriction is observed, immunocytochemistry and

radioimmunoassay showed a significant reduction in levels of calcitonin gene related

peptide with only a slight reduction of substance P in cerebrospinal fluid. In addition,

subarachnoid hemorrhage-induced vasoconstriction was markedly prolonged by

trigeminal ganglionectomy (Edvinsson et al, 1986). Thus, it has been hypothesized

that trigeminal cerebrovascular system is activated by a number of vasoconstrictors

and if the presence of these vasoconstrictors is chronic such as in subarachnoid

hemorrhage, then the supply of trigeminal vasodilators might be exhausted. This is

supported by a preliminary study in which there is depletion of calcitonin gene

related peptide in cerebrospinal fluid but not of other perivascular neuropeptides in

patients dying from subarachnoid hemorrhage (Edvinsson et al, I99l). Furthermore,
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the degree of cerebral vasoconstriction in patients correlates well with the increased

release of calcitonin gene related peptide in the external jugular vein, thus reflecting

the activity of the trigeminal system (Juul et al, 1990).

(5) Humoral Factors

Noradrenaline produces constriction of large cerebral arteries in vitro, but
responses not only are much smaller than those of noncerebral arteries but also

occur at much higher concentrations, because there are comparatively low receptor

numbe¡s and aftinity for noradrenaline in cerebral arteries (Bevan et al, 1988). On

the other hand, humoral factors such as circulating catecholamines and vasoactive

peptides have long been regarded to have little impact on cerebral vasculature,

microvascular pressure, and cerebral blood flow due to the existence of blood brain

bar¡ier (Rapoport, 1976). However, this traditional view needs to be modified in

light of recent studies suggesting that several circulating hormones may have

important effects on large arteries and cerebral microvascular pressure without

changing cerebral blood flow (Faraci & Heistad, 1990). Vasopressin and angiotensin

are two examples. Vasopressin decreases resistance of large cerebral arteries and

increases microvascular pressure at plasma concentrations observed in hypoxia,

hemorrhage, or intracranial hypertension (Faraci et al, 1988). The dilator response of

large cerebral arteries to vasopressin seems to be in contrast to the generally

believed vasoconstrictive effect of this substance in peripheral vessels (Hanko et al,

1981). Because endothelium-dependent relaxation of large cerebral arteries by

vasopressin has been described in vitro (Katusic et al, 1984; Onoue et al, 1988), it is
possible that circulating vasopressin may also activate receptors on endothelium to

release endothelium-derived relaxing factor causing vasodilation, without
penetrating blood brain barrier (Faraci & Heistad, 1990). This response can be

selective for large arteries if small vessels lack similar receptors for vasopressin

(Faraci & Heistad, 1990). In addition, circulating angiotensin increases the resistance

of large cerebral arteries and decreases pial microvascular pressure with no influence

on the cerebral blood flow (Faraci et al, 1983). The preferential effect of these two

peptides on large cerebral arteries is unusual compared with that on noncerebral

vasculat beds, where they generally increase vascular resistance and decrease blood
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flow by an effect primarily on small vessels (Grega & Adamski, 1987). Cerebral

arteries are also responsive to several other hormones including oxytocin (Katusic et

al, 1986), atrial natriuretic peptides (Macrae et al, 1987), and parathyroid hormone

(Suzuki et al, 1983), suggesting the potential for modulation of cerebral vascular tone

and microvascular pressure by humoral mechanisms under physiological and

pathological conditions.

Humoral mechanisms may contribute to the increased resistance of large arteries

during chronic hypertension. As we have discussed before, activation of sympathetic

nerves increases resistance of large cerebral arteries and hypertrophy of the vessel

wall increases resistance of the large arteries during maximal dilation (Baumbach &

Heistad, 1988). Recent evidence suggests that a vascular renin-angiotensin system

may contribute to the resting tone of blood vessels (Dzau, 1988) and activity of

angiotensin-converting enzyme is greater in some large cerebral arteries in

spontaneously hypertensive rats than in Wistar-Kyoto normotensive rats (Nakamura

et al, 1988), raising the possibility that a portion of the increase in resistance of large

arteries during chronic hypertension may be due to an elevation of the tonic

influence of local vascular renin-angiotensin system.
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STATEMENT OF THE PROBLEMS

Hypoxia (POz<2O mmHg) reversibly increases isometric tension in unstimulated

canine basilar artery even though the in vivo effect is to cause cerebral vasodilation.

The study of the mechanism of this hypoxic contraction is of importance because of

its possible implication in the impaired cerebral blood flow after
ischemia/reperfusion or hypoxialreoxygenation. Previously, it has been demonstrated

in this laboratory that hypoxia-induced contraction is not due to rigor of the

metabolically impaired smooth muscle cells because it is calcium-dependent. Nor is

it mediated by a-adrenergic, muscarinic, histaminergic, or 5-hydroxytryptaminergic

teceptors. Prostaglandins are not involved either. A lipoxygenase inhibitor, NDGA,

and an inhibitor of both lipoxygenase and cyclooxygenase, ETYA, blocked hypoxic

contraction. Therefore in this study, I have attempted to investigate the role of

leukotrienes and other possible mediators in the hypoxic contraction of isolated

canine basilar artery.

In contrast to vasoconstriction of isolated canine basilar afiery during hypoxia, in

vivo studies have consistently shown an increase in cerebral blood flow during

hypoxia/ischemia followed by a decrease after reoxygenation/reperfusion. In order to

investigate the effect of hypoxia on cerebral vasculature invivo, we have established a

whole animal model with a closed cranial window in the rat. The hypothesis tested is

that adenosine mediates the vasodilation during hypoxia and leukotrienes mediate

the delayed vasoconstriction after an hypoxic episode.
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MATERIALS & METHODS OF IN VITRO EXPERIMENTS

Isolated basilar arteries were obtained from mongrel dogs (7-15 Kg) of either sex.

They were anesthetized intravenously with pentobarbitone sodium (30 mg/kg). The

posterior part of the skull was opened with a bone cutter. The brain stem with the

attached basilar artery was carefully removed and placed in oxygenated, cool (4"C)

Krebs-Henseleit solution. The basilar artery was dissected clear from the

surrounding brain and meninges and then cut transversely into rings 1-1.5 cm long.

The external diameter of the rings was less than 1 mm. Two stainless-steel wires

(AWG 32) were irrserted carefully and gently into the lumen of the ring. One of the

wires was connected to a force transducer (Grass FT-03) for isometric force

recording, the other to a micromanipulator through which the preload on the

vascular ring was adusted (Figure 1).

Each preparation was kept in a 2O ml organ bath filled with Krebs-Henseleit

solution with the following composition (in mM): NaCl 118, KCI 4.7, KIJIPO+ I.4,

MgSOa 1.2, CaClz 2.5, NaHCOz 25 and dextrose 11. The solution was bubbled with a

mixture of 95% Oz-5% COz to maintain a pH of 7.4 at an ambient temperature of

31oC. Maximum contraction of the isolated vessel ring was usually obtained at a

preload of about 2 g. The vessel was allowed to equilibrate for 30-60 min while the

resting tension was continuously adjusted until it became stable at 2 g. KCI (60 mM)

was used to verify the contractile response of the vessel. The integrity of the

endothelium was verified by the application of acetylcholine (50 ¡rM) to the ring

precontracted with 5-hydroxytryptamine (250 nM). A prompt and reversible

relaxation of 0.1 g or more indicated that functional endothelium was present.

Hypoxia was produced by switching the bubbling gas to a mixture of 95% Nz-5%

COz. During the hypoxic period, POz in the organ bath decreased from 600 mmHg

to below 25 mmlIg. The duration of hypoxia was 10-15 min, then normoxia was

restored by bubbling 95% Oz-5% COz.

Various pharmacological agents that were used to modify hypoxic contractions,

such as nordihydroguaiaretic acid (NDGA), quinacrine, leukotriene antagonists,

pinacidil, and glibenclamide, were added to the bath after the initial hypoxic

contraction. Sixty minutes later, the vessel was made hypoxic again for 10-15 minutes
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Figure 1. Experimental selup for the isolated canine basilar artery. The basilar artery

was cut into 1-1.5 cm long rings after dissecting clear from the surrounding

meninges and brain. Then two stainless-steel wires were inserted in the lumen of

the ring, one of which is connected to a force transducer, the other to a

micromanipulator.
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followed by normoxia. The tissue was then washed 2-3 times with fresh

Krebs-Henseleit solution and after a rest period of 30-60 minutes, the vessel was

subjected to another episode of hypoxia. At the end of the experiment, KCI (60 mM)

was added to the organ bath to assess vascular reactivity.

Chemicals

Stock solution of NDGA was made in 20% v/v aqueous ethanol and arachidonic

acid was dissolved n 60% v/v aqueous ethanol. Volumes added to the organ baths

resulted in final ethanol concentration of less than O.l%, which were shown not to

affect the resting tension and the responsiveness of the rings to contractile agents and

hypoxia. Quinacrino, 3- (3-(2-(7-chloro-2-quinolinyl)ethenyl) phenyl) ((3-

dimethylamino- 3- oxopropyl)thio) metþl) thio) propanoic acid (L-660,7rr), sodium

(BS*yR*)-4- (3- (A-acetyl-3- hydroxy- 2- propylphenoxy) propylthio)- y- hydroxy- B-

methylbenzenebutanoa (L-649,923), leukotrienes C+ a n d D4 , adenosine,

desamino-[D-Arg8]-vasopressin (DDAVP), acetylcholine, bovine thrombin, sodium

nitroprusside, pinacidil, and endothelin-l were dissolved in distilled water. A23187

and glibenclamide were dissolved in IOO% dimethyl sulfoxide (DMSO) and the final

concentration of DMSO in the bath was less than 0.2%, which did not affect

contraction of vascular smooth muscle. Nitric oxide solution was prepared by making

a 100 mM solution of sodium nitrite in hydrochloric acid (pH 1.8, temperature 4"C¡.

The solution was allowed to stand for at least 15 min in ice until use and was

prepared fresh for each experiment. Acid solution was bubbled with 95% Nz-5%

COz. Acid controls and controls of sodium nitrite solution in distilled water were also

tested in parallel. NDGA, arachidonic acid, quinacrine, leukotrienes C4 and D4,

adenosine, acetylcholine, pinacidil, thrombin, sodium nitrite were purchased from

Sigma Chemicals (St. Louis, MI, U.S.A.). Sodium nitroprusside was obtained from

Hoffmann-La Roche Limited (Etobiocoke, Canada). Endothelin-l (porcine, human)

and DDAVP were purchased from Peninsula Laboratories Inc. (Belmont, CA,

U.S.A.). L-660,711 and L-649,923 were kind gifts from Dr. A.W. Ford-Hutchinson

(Merck-Frosst Canada). Glibenclamide was a gift from Dr. M.J. Walker (University

of British Columbia).
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Statistical Analysis

Results have been expressed as meanls.e.mean. Differences between various

treatments were analyzed for statistical significance by the paired t-test in the case of

self controlled experiments with a single treatment or by repeated measures of
analysis of variance with Duncan's multiple range test where there were two or more

treatments. A p value of <0.05 was considered to be statistically significant,

represented by an asterisk in the figures. A commercial computer program (NCSS)

was used for the statistical analyses.
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RESULTS OF IN VITRO EXPERIMENTS

Section I

1. The reproducibility of hypoxia-induced contraction.

The tension of the vessel started to increase with a latency of L-2 min after

hypoxia was produced, and then either remained stationary or tended to gradually

relax towards pre-hypoxic level. 'When normoxia was restored, there was a rapid

reduction in tension followed by recovery to the pre-hypoxic level (Figure 2). Tlne

reproducibility of hypoxic contraction was verified by repeating hypoxia every 30

minutes. In five such experiments, the three consecutive hypoxic contractions were

0.77+ 0.189, 0.83+ O.l2g, and 0.80+ 0.13g (p>0.05). The resting tensions before

each episode of hypoxia were 0.04+ 0.01g, O.32L O.I2g,0.53+ 0.089, respectively

(p<0.05), indicating that the more episodes of hypoxia were produced, the higher

the resting tension of the vessels would be, but the total tension following each

episode of hypoxia did not change significantly.

2. Effect of NDGA on hypoxia-induced contraction.

Previously, it has been shown that indomethacin, a cyclooxygenase inhibitor, did

not affect hypoxic contraction, and ETYA, an inhibitor of both lipoxygenase and

cyclooxygenase (Figure 3), did block it. In order to further clarify which pathway is

involved, a lipoxygenase inhibitor, NDGA, was tested in our experiments. NDGA

(10-6 IÐ did not cause any significant change in the resting tension of the vessels, nor

did it alter the responsiveness of the vessels to KCI (Table I). However, 60 min after

addition of NDGA in the bath, hypoxia-induced contraction was significantly

inhibited from 0.79+ 0.319 to 0.05+ 0.049 (p<0.05) (Figure 4). Sixty minutes after

NDGA was washed out, hypoxic contraction was partially restored (0.58+ 0.219,

p<0.05).
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HYPOXIA NORMOXIA

Figure 2. Hypona-induced contraction of isolated canine basilar a¡tery.After the

¡ssring tension became stable, hypoxia (95% Nz-SVo COz) was produced as the

atlow indicated. The tension then started to increase gradually after 1 min, and

relaxed immediately upon reoxygenation as indicated by normoxia.

1g
1 min
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Figure 3. Metabolic pathways of arachidonic acid. HPETE: hydroxyperoxy
eicosatetraenoic acid. IIETE: hydroxy eicosatetraenoic acid. TX: thromboxane.

LT: leukotriene. PG: prostaglandin.
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Effects of NDGA & Quinacrine on Hypoxic Contraction
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Figure 4. After hypoxic contraction (control) was obtained, NDGA (10-6 M¡ was

added into the bath for 60 min. In the presence of NDGA, hypoxic conhaction

was significantly inhibited (left panel, n:5). In another set of experiments,

quinacrine (tO-s tnÐ was added for 60 min ¿rrd hypoxic contaction was also

significantly inhibited (right panel, Í:7).

NDGA Quinacrine
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Tablef. Effects of blockers of hypoxic contraction on the response to KCI (60 mM)

Blockers

NDGA (10-6 M)

Quinacrine (10-s M)

L-64g,g23 (10-s M)

L-660,7r1 (10-5 M)

Control (g)

3. Effect of quinacr¡ne on hypoxia-induced contract¡on.

I.64+ 0.29

1.55r 0.10

2.10+ 0.13

1.46+ 0.28

The effect of the inhibitor of another enzyme along arachidonic acid metabolism

pathway (Figure 3), phospholipase 42, was also tested. Quinacrine (10-s M)
significantly inhibited hypoxic contraction from 0.97t0.l4gto 0.161 0.069 after 60

min (p<0.05) (Figure 4). Sixty minutes after washing, hypoxic contraction was

partially restored (0.35+ 0.089, p<0.05). The tension of the vessels did not change in

the presence of quinacrine. However the responsiveness of the vessels to KCI was

significantly decreased (Table I).

4. Effects of leukotriene antagonists on hypoxia-induced contraction.

Based upon the above results, it was clear that lipoxygenase pathway, the end

products of which are leukotrienes, may be involved in inducing hypoxic contraction.

A more convincing evidence of the involvement of leukotrienes in hypoxic

contraction would be to block it with specific leukotriene receptor antagonists. In this

case, we have used two relatively specific leukotriene D+ receptor antagonists

available, L-649,923 and L-660,7LL. The dose-related inhibition of hypoxic

contraction by these two drugs is shown in Figure 5 and 6. They were added in the

organ bath after hypoxic contraction was obtained. The time interval between

addition of each concentration of the antagonists and production of hypoxia was 60

min. Sixfy minutes after washing out the last dose of either antagonists, hypoxic

contraction was restored (p<0.05, Table II). Neither antagonists changed the resting

tension of the vessels. The reactivity of the vessels to KCI was potentiated by

L-660,7L1, while responsiveness of the vessels to KCI was not significantþ changed

by L-649,923 (Table I).

After blockers (g)

1.44:_0.18

0.73+ 0.2O

L.92+ O.Ot

L.82+ 0.25

4

3

7

4

p value

> 0.05

< 0.05

> 0.05

< 0.05
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Figure 5. After hypoxia induced a conhaction, L-649,923 was added into the organ

bath cumulatively. The time interval between each addition and hypoxia was 60

min. Hypoxic contraction was significantly inhibited in a dose-related manner

(n:8).

L-649,923 Concentration (-log M)
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Effect of L-660,711 on Hypoxia- &

6ì 'f .00

c
.9
Ø 0.75

oF
o

C)

LTD o -ind uced Contractions

-ù LTD4 (1ot-t o-6trt¡

- ! Hypoxia

Control

L-660,71 1

Figure 6. After hypoxia induced a reversible contraction, L-660,711 was added into

the bath cumulatively. The time interval between each concentration and hypoxia

was 60 min. Hypoxic contraction was significantiy inhibited in a dose-related

marul.er (upper iine, n=8). After leukotriene D+ (LTD+)-induced contraction

reached a piateau, L-660,7I1 was then added to the bath cumulatively. The time

interval between each concentration was 60 min. L-660,711 caused a

concentration-dependent inhibition on LTD+-induced contraction (lower line,

î:7).
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Agents

Table rr. Effects of leukotriene antagonists (M) on hypoxic contraction (g)

L-649,923

L-660,7r1

Control

5. Effects of leukotrienes C¿ and D¿.

1.01+ 0.11 0.36+ 0.07 0.4110.09 0.36r_0.15 0.10r_0.03 0.891 0.12

1.061 0.14 0.62+ 0.13 0.5110.12 O.4B+ O.I2 0.06t0.03 0.8510.11

'We have demonstrated indirectly that leukotrienes may be involved in hypoxic

contraction of isolated canine basilar artery. This was now directly tested.

Leukotrienes have been shown to confuact many vascula¡ beds in different species,

and in our studies we concenhated on two kinds of leukotrienes: leukotrienes C+ and

D+. Leukokiene D+ (10-8-10-7 M) caused a gradual and sustained increase in tension

(lower tracing, Figure 7) to an average of 0.28+ 0.059,0.41+ 0.059, 0.73+ O.L3g, and

0.75+-0.I4g after 30, 60, I2O, and 180 minutes, respectively (p<0.05). The tension of

the vessels remained high for 2-3 hours even after washing. In contrast, leukotriene

C¿ (t0-7-t0-6 M) did not cause any significant increase in tension.

6, Effect of L-660,711 on leukotriene D¿-induced contraction.

Both leukotriene antagonists that we used have been shown to be leukotriene D+

antagonists. However, L-66O,7L1 is a newly developed, more specific leukotriene D4

receptor antagonist (Jones et al, 1988) in smooth muscle of guinea-pig. In order to

see if this drug has the same antagonistic activity against leukotriene D+ in canine

basilar artery, we added it to the bath after leukotriene D+-induced. contraction

reached a plateau. V/e found that L-660,711 rclaxed the vessels in a dose-dependent

manner ftom 0.42-10.079 to 0.22+ 0.069 at l0-8 M, 0.72+ O.O4g at IO-7 M, and at

0.0510.039 at 10-6 M, respectively 60 min after addition of each dose (p<0.05,

Figure 6). In the control vessels, the tension remained increased for 3 hours

(0.51f0.08g as control at the peak,0.541 0.0óg after t hour,0.58+ 0.109 after 2

hours, and 0.64+ 0.049 after 3 hours, respectively, p>0.05). Therefore, it is clear that

in isolated canine basilar artery, L-660,711 is a relatively specific antagonist of

leukotriene D4 receptors.

10-8 ro-7 10-6 10-s washout

79



^lîliHYPOXIA i

ADENO
LTD,I.1F

, _//

NORMOXIA

SINE

I

I
Y

1 min

Figure 7. Effect of adenosine on hypoxia- and leukotriene p4 llTD+)-induced
contraction. In the upper Eacinï, when hypoxic contraction reached a peak,

adenosine (5x106 l\lf) was added to the bath causing an immediate and complete

relaxation. In the lower tracing, when LTD+ (f 0-7 lW)-caused contraction reached

a plateau, adenosine (5x10-6 M) was added causing 2¡ immertiate and complete

relaxation.

o.s g
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7. Eltect of adenosine on hypoxia- and teukotriene D+-induced contraction.
Because adenosine has been reported to be produced by brain during hypoxia, we

thought it might antagonize the constrictive effect of leukotrienes, causíng
vasodilation in vivo during hypoxia. We therefore studied if there is an antagonizing
relationship between adenosine and leukotrienes, and hypoxic contraction in vítro-
During hypoxic contraction, adenosine (5x10-6 M) relaxed the vessels (Figu¡e 7), 

',tdpretreatment with adenosine (5x10-6 M) attenuated hypoxic contraction (Elliott,
1989). The increase in tension caused by leukotriene D4 was also reduced rapidly by
adenosine (5x10-6 M) Gigure z) from 0.g7+ 0.t3gro o.tg+ o.o7g (n:6, p<0.05).

8. Effect of arachidonic acid.

If leukotrienes are produced during hypoxia, they must be derived from
arachidonic acid released f¡om membrane phospholipids @gure 3). V/e have shown

that arachidonic acid (5 Fg/ml) increased the tension of the vessels rapidly to an

average of 0-671 0.149 (n:6). This tension was inhibited both by NDGA i5xt0-6 M;
from 0.67+ 0.14g to 0.251 0.139 (p<0.05) and by L-660,7tt (10-5 M) from
0.591 0.159 to O.29+ 0.119 (p<0.05) (Figure 8). The arachidonic acid-induced
increase in tension was restored after washing (0.66+ O.lLg after NDGA and
O-52+ O-16e after L-66O,7I1). Partial inhibition by NDGA and L-660,711 indicates

that arachidonic acid may contract vessels by itself or through other factors in
addition to being converted to leukotrienes, after released during hypoxia. This is
suspected due to the different time course of action of arachidonic acid and

leukotriene D+.

9. Potentiating effect of low dose of KClon hypoxia-induced contraction.
There is evidence that leukotrienes are only one of the several mechanisms of

hypoxic contraction of canine basilar afiery.'We have found that independent of the

production of leukotrienes, hypoxia may trigger the opening of voltage-sensitive

calcium channels if the muscle is depolarized first. After blockade of hypoxic
contraction by either NDGA (10-6 M) or leukotriene antagonists qlo-6 M¡, KCI
(10-20mM) was added causing a small contraction to an average of0.73r 0.199
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Effects of NDGA & L-660,71 1 on AA-induced Contraction
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Figure 8. After arachidonic acid caused a conhaction, the bath was washed with fresh

Krebs' solution several times followed by the addition of NDGA (5x10-6 M, left

panel, n:6) or L-660,71L (10-s M, right panel, n:5). Sixty minutes later,

arachidonic acid was added again. The contraction was significantly inhibited by

these two drugs.

NDGA L-660,71 1
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20 mM KCI
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HYPOXIA

I

¡

NORMOXIA

Figure 9. Potentiating effect of KCI on hypoxic contraction. After hypoxic
contraction was blocked in both vessels by NDGA (10ó lÐ, KCl was added to

one bath causing a small conhaction as shown in the upper tracing followed by

the production of hypoxia in both vessels. In the vessel preconhacted with KCl,

hypoxia induced a contaction, while in the lower vessel there was no contraction.

1 min
lou n
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(n: 6, p< 0.05). Then hypoxia was produced as shown in Figure 9. The contraction

during hypoxia was restored quantitatively to 0.73t0.12g on top of KCI (p< 0.05,

Figure 10). Thirly minutes after KCI was washed, there was no hypoxic conhaction in
the presence of NDGA or leukokiene antagonists. In the contol group in which no

KCl was added, there was no hypoxic contraction at all when NDGA or leukotriene

antagonists were present. In the control group in which KCI was added while

normoxia v¿s 1¡¿i¡reined, the tension of the vessels remained stable.

10. Potentiating effect of racemic BAY K 8644 on hypoxia-induced

contraction.

Another way to prove that hypoxia could be opening calcium channels is to study

the effect of the calcium channel agonist, (f)BAY K 86M, after blockade of hypoxic

contraction by NDGA (10-6 M) or leukotriene antagonists. In our experiments, low

doses of (r )BAY K86441t0-9-tO-7 lvf) were used to open calcium channels, causing

a small contraction (0.43+ 0.189, n:7). During hypoxia, the net contraction was

significantly increased (0.901 0-I7g) n the presence of (+ )BAY K 8644 even in the

presence of NDGA or leukotriene antagonists (p<0.05, Figure 11). In the control

vessels where no (r )BAY K 8644 was added, there was no significant hypoxic

conkaction in the presence of NDGA or leukotriene antagonists (0.0810.019, n:5).

The potentiating effect of (1-)BAY K 8644 lasted for 2-3 hours even after the bath

was washed several times.

11. Potentiating effects of hypoxia and KCI on leukotrienes-¡nduced

contraction.

Since leukotriene C¿ did not cause any contraction and leukotriene Da only

caused a contraction which was slow in onset and the increased tension was sustained

even after washing and this was different from hypoxia-induced conhaction, we

thought that a small constrictor effect of leukohienes might be reversibly potentiated

by hypoxia. So we added leukotienes to the bath during hypoxia. 'We found that once

hypoxia caused a cont¡action (0.2910.10g, n:3), leukotriene D¿ 110-7 M; then

caused an immediate increase in tension on top of hypoxic contraction (Panel A,

Figure 12) (0.44+ 0.129, p<0.05, n=3), reaching a plateau within 10 minutes. In
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Potentiating Effect of KCI on Hypoxic Contraction

o) ''"
c
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õ 1,0
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o< 0.5

Blocked

hypoxic contractions

Figure 10. After hypoxic conhaction was blocked by NDGA (10-6 VÐ (eft bar, n:6),
KCI (20 mM) caused a conhaction. On top of KCl-induced contraction, hypoxia

was produced causing a significant increase in tension (middle bar). After
normoxia, the bath was washed with Krebs' solution containing NDGA. llirty
minutes later, there was no contraction during hypoxia (right bar).

KCI+hypoxic

contractions

Wash + hypoxic
contractions
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Potentiating Effect of BAY K8644 on Hypoxic Contraction

-9 o.B

.o
Ø

o- 0.6
t-
o
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o 0.4

Blocked

hypoxic contractions

Figure 11. After hypoxic conbaction was blocked by NDGA (10-6 M) (left bar, n:7),

(r ) BAY K 8644 (tO-e-tO-7 M) was added causing a contraction. When hypoxia

was produced on top of this contraction, the tension inçreased significantly (right

bar).

BAY K 8644 +

hypoxic contractions
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HYPOXIA

A.

B.

L-r.

1
LTD4

15 mM KCI

1

\Do
I

Y

1
NORMO

Figure L2. Potentiation of hypoxia (A) & KCI (C) on leukotriene D+

(LTD+)-contraction. A: After hypoxic contaction became stable, LTD+ (10-7 NÐ

was added causing an immediate increase in tension until norrnoxia relaxed the

vessel. B: LTD+ (tO-7 l¿)-inauced contraction in unstimulated vessel was slow in

onset. C: Once the vessel was conhacted by KCl, LTD + (IO-7 M) caused. an

immediate contraction.

1 min

XIA
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control vessels where there was no hypoxic contraction, the contraction caused by

leukotriene D+ was slow in onset (15-30 minuúes) ¿¡d susteined even after washing

@anel B, Figure 12).

V/hile doing the above experiments, rve observed another interesting

phenomenon. On top of the conhaction caused by a small amount of KCI (10-20

mM) (0.68+ 0. l2g, n:4), leukot¡iene D4 (10-7 M) also caused a contraction

immediately @anel C, Figure 12) (0.361 0.119, n:4), reaching a plateau within 10

minutes. In the control vessels where no KCI was added, leukotriene D4 did not

cause any observable contraction within 15 minutes, indicating that KCI made the

vessels more sensitive to the constrictive effect of leukotrienes. This is similar to the

effect of KCI on hypoxic contraction.

If the vessels were contracted by KCl (10-20 mM (0.6910.139), then leukotriene

C+ caused further contraction within 15 minutes in a dose-dependent marìner (Figure

13), with 0.191 0.029 at 10-8 M, 0.541 0.089 at 10-7 M, and 0.78t0.06g at 10-6 M,

respectively (p<0.05). However in the absence of any active tension, leukotriene C+

did not cause any significant increase in the tension of the isolated vessels (Figure

13).

12. Effects of pinacidilon hypoxia-induced contract¡on.

It has been reported that in isolated perfused guinea-pig heart, hypoxia opened

ATP-sensitive potassium channel resulting in coronary vasodilation (Daut et al,

1990). Hence we studied the effect of hypoxia on potassium channel in. the isolated

canine basilar artery. We found that hypoxia-induced contraction was significantly

inhibited from 0.82+ 0.29g in the control to 0.3010.109 60 min after addition of

pinacidil (tO-6-SxtO-u M, p<0.05, Figure 14). After washing, hypoxic conhaction was

partially restored (0.44f0.09g, p<0.05). On the other hand, if pinacidil (5xf0-6 M¡

was added during hypoxia when peak contraction was reached, then the vessel

immediately relaxed to prehypoxic level or even lower (Figure 15).
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on LTO4induced Contraction
*

Figure 13. In the unstimulated vessels, leukotriene ç4 (LTC+) did not increase

tension significantly (lower line, n:3). However, in vessels precontracted with

KCI (10-20 mNÐ, LTC+ caused a concentration-dependent contraction in the

vessel (upper line, n:3).

1o-8

Concentrat¡ons of LTC4 (M)

ß7

LTC,t+

1 0-6
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Effects of Pinacidil & Glibenclamide on Hypoxic Contraciton

o)

o'6 0.6
ol-
o

E 04

Figure 14. After hypoxic conhaction (contool), pinacidil 110-6 M, left panel, n:5) or

glibenclamide (5x10-7 M, right panel, n:7) was added to the bath for 60 min.

Both drugs signifïcantly inhibited hypoxic contraction.

Pinacidil Glibenclamide
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HYPOXIA
PINACIDIL

1 min

NORMOXIA

Figure 15. Effect of pinacidil on hypoxic conhaction. Pinacidil (5x106 M) was added

after hypoxic contraction reached a plateau. An immediate and complete

relaxation was observed. After that, normoxia was restored followed by washing.

0.5 g
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13. Effect of glibenclamide on hypoxia-induced contraction.

We hypothesized that hypoxia may block the opening of ATP-sensitive potassium

channels, since pinacidil inhibited hypoxic conkaction, supposabiy by opening these

channels. Hence we studied the effect of glibenclamide, which blocks the same

potassium channel, on the basila¡ artery. Surprisingly, the addition of glibenclamide

(5x10-7 M) did not change the resting tension of the artery ring, but hypoxic

contraction was significantly i¡hibited from 0.5710.099 to 0.0910.029, after 6O

minute incubation (p<0.05, Figure 14). After washout, hypoxic cont¡action was

restored (0.63+ 0.109, p<0.05). On the other hand, glibenclamide given during

hypoxic contraction had no effect on the tension of the artery ringr.

14. Effect of glibenclamide on pinacidil- and acetylcholine-induced

relaxation.

In order to confirm the effect of hypoxia on potassium channel, we studied the

antagonistic effect between glibenclamide and pinacidil in canine basilar afiery.

Pinacidil (10-6 M) decreased the tone of the basilar artery preparation

(precontracted by 20 mM KCl) from 0.4810.019 to 0.16r O.O2g (n:14). In the

presence of glibenclamide (3x10-7 I\.4), pinacidil changed the tone from 0.34r-0.049

to 0.33+ 0.039 (p>0.05), indicating that glibenclamide blocks the ATP-sensitive

potassium channel, therefore prevents the relaxation by pinacidil. However,

acetylcholine-induced relaxation of 20 mM KCI contracted vessels (from 0.481 0.169

to 0.091 0.039, n:18) was not inhibited by glibenclamide (10-6 lvÐ. The decrease in

tension with acetylcholine (50 pM) in the presence of glibenclamide was decreased

from 0.591-0.069 to 0.20:-0.059, which was not significantly different (p>0.05).
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Section ll

1. Effect of hypoxia on relaxations induced by vasopressin, acetylcholine,

A23187,and thrombin

It has been reported that anoxia inhibits the response of the artery to

endothelium-derived relaxing factor. However, there has not been any detailed

investigation on the effect of hypoxia on endothelium-dependent relaxation in

cerebral artery. In the present study, vasopressin (Figure 16), acetylcholine (Figure

I7), A23187 (Figure 18), and thrombin (Figure 19) caused dose-dependent

relaxations in the endothelium-intact arterial rings precontracted with

5-hydroxytryptamine (250 nM). However, these relaxations were significantly

inhibited, or in some cases converted to a contraction, in the arterial rings conhacted

by hypoxia (Table ltt). The inhibition of these relaxations by hypoxia was reversible.

2. Effect of hypoxia on relaxat¡on induced by sodium n¡troprusside and

nitric oxide.

The effect of hypoxia on the relaxation induced by endothelium-independent

vasodilators was investigated. The relaxation induced by sodium nitroprusside (10-6

IrÐ and acidified sodium nitrite (5x10-6 M, containing nikic oxide) during hypoxia

was not significantly different than that during normoxia in rings precontracted with

5-hydroxytryptamine (250 nIÐ (88+ 5% vs 113+ 14% for sodium nitroprusside, and

98+ 3% vs 116+ 15Vo for nitric oxide, Figure 20), therefore indicating that the action

of nitric oxide was not suppressed during hypoxia. The addition of an aqueous

solution of sodium nitrite (5x10-5 M) produced a much smaller and slower relaxation

than that with acidified sodium nitrite which contained nitric oxide. Comparable

amounts of hydrochloric acid of simila¡ pH caused negligible relaxation.
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Effect of Hypoxia on Vasopressin-induced Dilation
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Figure 16. During normoxia (lower line), vasoPressín caused 
^

concentration-dependent relaxation, expressed as the percent of the contraction

(n:4), in the artery rings precontracted with 5-hydroxytryptamine (250 nM).

However, when hypoxia caused a conhaction (upper line), vasopressin then did

not cause any relaxation at any of the concenhations employed.

Concentrat¡ons of Vasopress¡n (lg M)

-7.5

During normoxia

-7.0 -6.5
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Etfect of Hypoxia on ACh-induced Dilation
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Figure 17. During normoxia (lower line), acetylcholine (ACh) dose-dependently

relaxed the artery rings preconfracted with 5-hydroxybryptamine (250 nM), which

is expressed by the percent of the contraction. However, during hypoxia when the

contraction occured (upper line), the ACh-induced relaxation was significantly

inhibited (n:5).

Goncentrat¡ons of ACh (lg M)

-5.5

During normoxia

-5.0 -4.5
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Effect of Hypoxia on þ23187-induced Dilatation
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Figure 18. During normoxia (lower lsne), Ã23L87 relaxed S-hydroxytryptamine (250

nM)- contracted artery rings in a concentration-dependent manner (n:5). The

relaxations are expressed as the percent of the preconhactions. However, when

the conhaction was caused by hypoxia, then the relaxation induced by A23I87

was significantly inhibited at all concenkations.

Concentrat¡ons of 423187 (lg M)

-7.5

During hypoxia

-7.0

During normoxia

-6,5
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Etfect of hypoxia on thrombin-induced dilation

Ezo
c
o
(ú
(ú

ã40
o

Q)o
o60
o-

Figure 19. Bovine thrombin was cumulatively added to the artety rings precontracted

with 5-hydroxytryptamine (250 nIÐ, causing a dose-dependent telaxation' The

relaxation was significantly inhibited at all concentations during hypoxia when

the latter caused a contraction. The relaxation was represented by the percent of

the contraction.

Concentrations of Thrombin (unit/ml)

0.4

During hypoxia

0.6 0.8
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Effect of Hypoxia on SNP- and NO-induced Dilation
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Figure 20. Sodium nitroprusside (10-6 lvf) caused a relaxation in the vessel ring

preconhacted by 5-hydroxytryptamine (250 nM), which was not inhibited during

hypoxia (left panel, n=4). Acidified sodium nitrite (5x10-6 M, containing nitric

oxide) also caused a relaxation in artery rings contracted by 5-hydroxytryptarleine'

which was also not inhibited when hypoxia caused a contraction (right panel,

n:4).

Sodium Nitroprusside Acidified Sodium Nitrite
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Section lll

1 . Endothelin-1-induced contraction.

Since its discovery in 1988, endothelin has been reported to be one of the most

potent vasoconstrictors in cerebral vasculature. The question was raised whether

hypoxic contraction of isolated canine basilar artery was due to endothelin. $y's,

therefore, studied the features of endothelin-induced contraciton as well as its

relationship with hypoxic contraction. Figure 2L is a tracing of

concentration-dependent contraction caused by cumulatively administered

endothelin-1 110-10-5xt0-9 M). Results from nine experiments have been

summarized in Table IV. After washing, it took 2-3 hours for the tension of the

vessels to recover to near initial levels. When the second cycle of cumulative

endothelin was given, the dose-dependent contractions were decreased significantly

(Table fV, Figure 22).

Endothelin-1 (M)

First cycle

Second cycle

Note: The numbers are active tension of the vessels (g).

Table fV. Tachyphylaxis of endothelin-l (n=9)

2. Effects of leukotriene antagon¡sts on endothelin-induced contract¡on'

After endothelin-l (10-9 M) caused a contraction, the bath was washed several

times with fresh Kreb's solution and the tension of the vessels was allowed to recover

over the next L-2 hours. Following this, the same concentration of endothelin-l was

repeatedly tested in the same vessel t hour after the addition of L-660,7LL at

concentrations of l0-8, 10-7, 10-6, and 10-5 M. After each addition of endothelin-l,

the bath was washed several times and replaced with the higher concenhations of

L-66O,711 after 1-2 hours. The conhactions caused by 10-9 M endothelin-l in the

absence and in the presence of the above concentrations of L-660'71'1 were

0.24+ O.O4

0.061 0.02

10-10 5x1o-10

0.7310.08

0.1fi_0.04

10-e

1.0010.10

0.261 0.06

5x10-e

1.5010.05

0.661 0.16
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0.1 nM

1

0.5 nM

^
I

1nM

Figure 2L. Tracing of concentration-dependent contraction caused by endothelin-l'

After the resting tone of the vessel became stable, endothelin-l was added to the

bath cumulatively as indicated by the arrows- The concentrations are final

concentrations in the organ bath. After the last dose, the bath was washed with

fresh Krebs' solution several times and the tension was allowed to recover for 2-3

hours.

1g
1 min
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Dose-dependent
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Contraction by Endothelin-1
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Figure 22. Ctmulative concentration-dependent contraction caused by endothelin-l

and its tachyphylaxis. After the first cycle of endothelin-l exposure followed by

washout fot 2-3 hour, the concentration-response curve for subsequently

administe¡ed endothelin-l was signifìcantly shifted to the right (n:5), indicating

tachyphylaxis.
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Endothelin Concentration (-log M)
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0.8610.099 , 0.55r-0.059 , a.45+ o.o7g, 0.3910.089, and 0.501 0.17g, respectively

(n=5, p<0.05, Figure 23, panel A). Another group of rings served as ''me conhol

and was challenged only with endothelin-l at the same time as the other group of
ships which had been exposed to L-660,711. The contractions caused by tO-9 M
endothelin-1 at corresponding time intervals were 0.8910.11g, 0.5310.069,

0.501 0.089, 0.45+ 0.069, and 0.381 0. LZg, respectively (p<0.05, Figure 23 Panel A).

When the time control was considered, represented by the curve with solid squares

in Figure 23, panel A, there is no difference befween the two lines. The time control

corrected data, panel B of Figure 23, are summarized in Table V. The data show that

L-660,711 does not significantly inhibit the contractile response of the vessels

induced by endothelin-l. The resting tensions before each addition of L-660,711 and

after 60 min were listed in Table VI, indicating that L-660,7L1 did not significantly

change the tension of the vessels compared with the control.

Table V. Effects of leukotriene antagonists (M) on endothelin-1(10-e M) contraction

Agents

L-649,923

L-660,7Lr

Notç The numbeß are percentages of the control contraction in which only endothelin
(10' M) was added at corresponding time intervals.

Figure 24 shows the contraction caused by 10-9 M endothelin-l in the presence of

L-649,923, expressed as the percentage of the contraction in the.absence of
L-649,923, which are summarized in Table V. Although there was a small decrease of

the tension at 10-6 and 10-5 M, this was not significant. The resting terrsions before

each addition of L-649,923 and after 60 min were summañzed in Table VI.

Considering that increased resting tension induced by repeated exposure to

endothelin might reduce contractility, we ellowed each vessel to rest for 2-3 hours,

and the resting tensions before each addition of endothelin-l with and without

L-660,7L1 were not significantly different from one another and from the control,

0.06f0.03g, 0.19+ 0.059, 0.1910.069, 0.15t-0.048, and 0.19r 0.049 respectively

(n:6, p>0.05).

0 10-8

109116 107{26 II5+ 26 85+ 16

Il0y L7 109+ 18 t0t+ :34 84+ :23

Lo-7 10-6 10-s

86+ :24

I34+'.20

4

5

p value

> 0.05

> 0.05
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3. Hypoxic contraction and endothelin tachyphylaxis.

If endothelin is involved in hypoxic conhaction, then when the vessels become

tachyphylactic to endothelin, hypoxic conhaciton should be decreased too. Therefore

we tested this by inducing endothelin tachphylaxis. Before the first cycle of dtfferent

doses of endothelin-l, the vessel was made hypoxic, causing a contraction. After the

second cycle of endothelin-l when tachyphylaxis occured, hypoxia was produced

again 60 min after endothelin was washed. Hypoxic contractions under the two

circumstances were 0.8610.l2gand 0.881 0.099, respectively (p>0.05, Figure 25).

Table VI. Effects of leukotriene antagonists M) on the resting tension of vessels.

Aeents

L-649,923 (n: 4)

60 min

L-66O,711 (n: 5)

60 min

Control* (n: 8)

60 min**

10-8

0.211 0.03

0.18r 0.03

Note: The numbers are active
washing out endothelin
another 60 min.

0.3210.05

0.281 0.08

ro-7

0.4310.08

0.3810.02

0.211 0.06

0.17r 0.04

0.24+ 0.04

0.22+ 0.03

10-6

0.19+ 0.05

0.1610.01

0.52+ 0.04

0.49-O.07

terxion of the vessels (g).

as the control. **: The

0.321 0.03

0.28+ 0.03

10-s

0.571 0.06

0.52+ O.O7

0.24+ 0.03

0.1310.05

0.16+ 0.06

0.081 0.05

*: Active tension 120 min after
vessels continued to rest for

0.48:_0.05

O.42+ O.O5
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Effect of L-660 ,711 on Endothelin-induced Contraction
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Figure 23.Iî Panel A, contractions caused by 10-9 M endothelin-l in the presence of
different concentrations of L-660,7II (solid triangles, n:5). Duration of
exposure to each dose of L-660,711 was 60 min followed by addition of
endothelin-l and then washing. Response to 10-9 M endothelin-l in the absence

of L-660,711 (time control) is shown with lines connecting solid squares (n=5).

In both cases, the response to endothelin-1 was subsequently significantly

inhibited. In panel B, the values shown after each concentration of L-660,711

endothelin-l have been divided by the values in the time control group. No

significant differences, compared with the control values, are observed.
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Effect of L-649 ,923 on endothelin-induced contraction
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Figure 24. Tlte tension caused by 10-9 M endothelin-I, in the presence of different

concent¡ations of L-649,923, is expressed as a percentage of the tension caused by

t0-9 M endothelin-l in the absence of L-64g,g23. There is no significant

difference compared with the time conbol values (n:4).
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Effect of Endothelin Tachyphylaxis on Hypoxic Contraction
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Figure 25. The left bar is the hypoxic contraction before endothelin-l was given

(n:4). Sixty minutes after the second cycle of endothelin-l followed by washing

the bath with fresh Krebs' solution, hypoxia was produced again which is
represented by the right bar. Hypoxic contraction was not reduced after

tachyphyiaxis to endothelin-l.
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DISCUSSION

Section I

Cerebral blood flow is intimately linked with cerebral metabolic activity and

metabolic demand (Roy & Sherrington, 1890; Dragunow, 1986; Lou et al, r9g7).

Consequently, cerebral blood flow increases as the need for oxygen increases. Basal

cerebral blood flow increases reversibly with hypoxia (Busija & Herstad, 1983;

Anwar et al, 1990; Kissen & Weiss, 1991). It is therefore surprising that isolated

basilar artery of dog consistently contracts in response to reduction of ambient

oxygen tension (Mallick et al, L987). The present investigation is carried out to bette¡

understand the mechanism of this paradoxical vasoconstrictive effect of hypoxia. It is
hoped that the information obtained may also be of help in understanding reduced

blood flow (no reflow) following prolonged cerebral ischemia (Todd et al, 1986).

Hypoxia causes a reversible contraction of the canine isolated basilar artery.

Previous studies have shown that the hypoxia-induced contraction is not due to rigor

of the metabolicaily impaired smooth muscle cells. Instead it is a calcium-dependent

process, because it can be blocked by calcium ion chelators, e.g., EGTA, and by

calcium channel blockers, e.g., methoxyverapamil (D600) (Maliick et al, L987). Also

it is not due to adrenergic, muscarinic, histaminergic, or 5-hydroxytryptaminergic

mechanisms, nor is it due to the release of prostaglandins (Katusic & Vanhoutte,

1986; Mallick et al, 1987). In the present study, we have examined the roie of

leukotrienes and endothelin in hypoxia-induced constriction of the canine isolated

basilar artery.

Leukotrienes are components of the slow reacting substances of anaphylaxis and

are products of metabolism of arachidonic acid via the 5-lipoxygenase pathway

(Figure 3). In the last decade, leukotrienes have been shown to be potent

vasoconskictors, particulariy in coronary (Ifito et al, 1981; Michelassi et al, 1982;

Kopia et al, 1987) and cerebral a¡teries of several species including human (Taggari

et al, 1983; Rosenblum, 1985; Busija et al, L986; Janca¡ et al, 1987; Nishiye et al,

i988). In agreement with other authors, we have also noted the conskictor effect of

leukotrienes on canine basilar artery rings, thus supporting the notion that

leukotrienes may be involved in regulating cerebral vascular tone under certain
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pathological conditions, è.8., hypoxia and/or ischemia, in which their production may

be increased (Moskowitz et al, 1984; Kiwak et al, 1985; Ban et al, 1989). A possible

clinical implication is that the synthesis of leukotrienes may be greatly increased if
the competitive pathway for arachidonate utilization, i.e., synthesis of prostaglandins,

is blocked by cyclooxygenase inhibitors (e.g., non-steroidal antiinflammatory drugs)

(Rosenblum, 1985), which are used in the treatment of some cerebral vascular

disorders, e.g., transient ischemic attack @eilly et al, 1988). Therefore, the role of

leukokienes in modulating cerebral arterial tone deserves consideration.

NDGA, an inhibitor of lipoxygenase, blocks hypoxia-induced contraction in our

study. Indomethacin, a cyclooxygenase inhibitor, has no effect on the hypoxic

contraction, whereas ETYA, an inhibitor of both cyclooxygenase and lipoxygenase,

abolishes it (Elliott, 1989). These results indicate that leukotrienes may be involved

in the generation of vascular tone during hypoxia. On the other hand, the release of

arachidonic acid from membrane phospholipids is facilitated by specific

phospholipases (Isakson et al, 1978). Quinacrine, which is reputed to inhibit
phospholipase Az (Viga et al, 1980), blocks hypoxia-induced contraction. This

evidence is important in that quinacrine acts at a different site along the arachidonic

acid metabolic pathway from NDGA and both steps are critical in the production of

leukotrienes.

Our hypothesis that leukotrienes are involved in hypoxia-induced contraction is

further supported by its inhibition by leukotriene receptor antagonists. L-649,923 and

L-660,711 are relatively selective blockers of the leukotriene D4 receptors (Jones et

al, 1986; 1988). In our experiments, L-660,711 inhibits leukotriene D+-induced

contraction dose-dependently (Figure 6), and both L-649,923 and L-660,711 inhibit

hypoxia-induced contraction in a dose-related manner (Figure 5, 6), supporting the

possibility that leukot¡iene D4 may play an important role in hypoxic contraction.

However, the inhibition shows a biphasic dose-response relatio*hp, suggesting that

other mediators besides leukotriene D4 may be involved.

The source of leukotrienes is arachidonic acid derived from membrane

phospholipids (Isakson et al, 1978). We observed that arachidonic acid causes

contraction in the canine basilar artery, as has been reported by other authors (Koide
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et al, 1981; Jancar et at, 1987). This may be attributable to metabolites occurring in
the cyclooxygenase and/or lipoxygenase pathways which may have vasoconstrictor

properties. However, arachidonic acid-induced contraction is not significantly
inhibited by cyclooxygenase inhibitors, e.g., indomethacin and acetylsalicylic acid,

while NDGA, BW755C (which inhibits both lipoxygenase and cyclooxygenase) aad

PFL 55772 (which blocks leukotriene D4 receptor) block arachidonic acid-induced

contraction (Koide et al, 1981; Jancar et al, 1987)- In our experiments, arachidonic

acid-induced cont¡action is significantly inhibited by both NDGA and L-660,711,

indicating that lipoxygenase metabolites, o.g., leukotrienes, mediate the contraction

caused by arachidonic acid. Because the contraction caused by arachidonic acid is

fast in onset, we can surmise that there may be a high concentration of lipoxygenase

in canine basilar artery which may quickly convert exogenous arachidonic acid to

leukotrienes causing a contraction. However, even in the presence of NDGA or

L-660,711, arachidonic acid still causes a small contraction, which is seen at a

concentration of the blockers that completely inhibits hypoxic contraction. It may be

reasonable to assume that either arachidonic acid itself or metabolites early in the

conversion pathway may have more rapid constrictor effect than leukotriene D+. The

exact chemicai nature of such an intermediary metabolite is not yet evident.

Besides arachidonic acid, we also notice that hypoxic contraction occurs faster

and its magnitude is larger than leukotriene D+-induced conhaction. The size of the

hypoxic contraction may depend upon the amount of leukotrienes produced by the

vessels endogenously as well as the sensitivity of these vessels to leukotrienes.

Hypoxic contraction is antagonized by lipoxygenase inhibitor, but not cyclooxygenase

inhibitor in the coronary aúery (Vanhoutte et al, 1985). It is proposed by these

authors that under hypoxic condition, endogenous arachidonic acid is shunted into

the lipoxygenase pathway, leading to increased production of leukotrienes which

then opens calcium chan¡rels. Enhanced entry of calcium may result in activation of

phospholipase A2, promoting greater release of arachidonic acid and its metabolism

to leukotrienes. Although in the above study, this is not actually determined, nor is it

stated as to how hypoxia can selectively inhibit cyclooxygenase and spare

lipoxygenase, evidence suggests that the activity of only two enzymes along

arachidonic acid metabolic pathways, phospholipase A2 and 5-lipoxygenase, is
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stimulated by calcium, leading to increased production of leukotrienes (Needleman

et al, 1986). Therefore, if hypoxia causes an increase in intracellula¡ calcium (as will
be discussed later) by any mechanism, the above two calcium-stimulated enzymes

can therefore enhance the contraction induced by arachidonic acid and hypoxia. If
the hypothesis proposed by Vanhoutte et at (1985) that cyclooxygenase is inhibited

by hypoxia is correct, then the larger contraction during hypoxia can be explained by

increased production of leukotrienes during hypoxia. In addition, leukotrienes

produced endogenously during hypoxia may reach the receptors more easily than

those administered exogenously. A variety of leukotrienes has been shown to be

vasoconstrictors in cerebral circulation (Rosenblum, 1985; Busija et al, 1986),

therefore in addition to leukotriene D+, leukotrienes B,4, C4, and E+ may also

participate in the hypoxic contraction, making the latter larger than the contraction

induced by one kind of leukotrienes, such as is the case with our study.

Anothe¡ explanation for the hypoxic contraction being larger than leukotriene

D+-induced contraction is the observation that the action of leukotrienes can be

potentiated by hypoxia. Addition of leukotriene D+ immediately on top of hypoxic

contraction causes an immediate further increase of tension as compared to the

slower increase on adding leukotriene D+ to a resting muscle (Figure 12). Further

experiments have shown that a small elevation of K* ]o (20 mÀÐ also has a similar

potentiating effect upon leukotriene-induced contraction (Figure 9, l0). This is

interesting because it is clear now that it is not the the hypoxia per se that potentiates

leukotriene-induced contraction, but rather it is the precontraction of the vascular

rings caused by either hypoxia or KCI that makes the vessels more sensitive to

leukotrienes. The experiments with leukotriene C4 supports this notion (Figure 13).

Leukotriene C+ (10-8-10-6 NÐ does not cause any significant contraction in resting

vessels. Howevet, if the vessels are precontracted by KCl, then a dose-dependent

contraction can be elicited by leukotriene C+. Therefore, it can be stated that

ieukotrienes not only play an important role during hypoxia, but thei¡ constricting

effect can be further potentiated by the contraction occurred after hypoxia is

produced. Hence, another question is naturally raised: what is the cause of the

contraction that potentiates the effect of leukotrienes?
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We propose that hypoxia may change the functional state of several ionic
channels in vascula¡ smooth muscle cells, in addition to promoting the production of
leukotrienes. It is this change immediately after hypoxia that increases the tension of
the vessels and therefore potentiates the constricting effect of leukotrienes. 'When

NDGA, which inhibits lipoxygenase, or leukotriene D4 receptor antagonists

(L-649,923 and L-660,71r), are used to block hypoxic contraction, KCI (20 mNÐ

causes a contraction, possibly by depolarizng smooth muscle cells (Haeusler, 1985).

After this depolaization, hypoxic contraction is restored suggesting that hypoxia may

open calcium channels if some of them is activated by depolarization. That calcium

channel activation my be involved in this phenomenon is supported by the

experiments with (:-)BAY K 8644, a calcium char¡nel opener figure 11). When the

latter causes a small contraction, hypoxia results in a contraction in the presence of

NDGA or leukotriene antagonists, even though these agents have blocked hypoxic

contraction before the addition of (+ )BAY K 8644. Although this hypoxia-induced

opening of calcium chan¡rels may be one of the mechanisms of hypoxic contraction, it
is not strong enough to cause a contraction by itself. Rather it occurs only after a

small fraction of calcium channeis is frst activated either by depolarization or by the

calcium channel opener.

In vessels unheated with KCI or (+ )BAY K 8644 under normal circumstances,

this depolarization of vascular smooth muscle cells plays a triggering effect on

hypoxia-induced contraction. The question then is: how does this happen? Our

working hypothesis is that hypoxia may have a direct blocking effect on some

potassium channel itself, because pinacidil, an ATP-sensitive potassium channel

opener, was able to prevent or reveÍse hypoxic contraction (Figure 14 and 15).

Hypoxia induces vasodilation in isolated, perfused guinea pig hearts which is

mediated by the opening of AT?-sensitive potassium chan¡rels as ATP levels decline

(Daut et al, 1990). Glibenclamide, a blocker of ATP-sensitive potassium channels,

prevents this hypoxia-induced vasodilation, while cromakalim, which opens

ATP-sensitive potassíum channels, mimics this hypoxic vasodilation. Therefore it is
concluded that hypoxia acts on ATP-sensitive potassium channels in guinea-pig

coronary vasculature (Daut et al, 1990). Surprisingly, in our experiments both

pinacidil and glibenclamide block hypoxic contraction. It is easy to explain the

tL2



blocking effect of pinacidil if one conjectures that ATP-sensitive potassium cha¡nels

may be ciosed during hypoxia. Pinacidil causes vasodilation by increasing potassium

conductance, primarily or completely via the large calcium-dependent potassium

channels (Hermsmeyer, 1988). Therefore it is possible that pinacidil biocks hypoxic

contraction or relaxes the contracted artery during hypoxia by inducing
hyperpolarization through this mechanism. However, other mechanism of pinacidil

cannot be excluded. Recently it has been found that pinacidii not only activates

potassium channels, but also inhibits ryanodine-sensitive, spontaneous potassium

outward current induced by calcium release from intracellular stores in rabbit portal

veins, which can be prevented by glibenclamide (Xiong et al, 1991). 'V/hether this

action of pinacidil is involved in inhibiting hypoxic contraction still needs further

investigation. Glibenclamide itself does not cause the expected increase in tension of

resting canine basilar artery, indicating that ATP-sensitive potassium channels are

normally not in the open state. This is different from pancreatic B cells, where the

basal activity of ATP-sensitive potassium channels is high (Findlay et al, 1985) and

rabbit coronary afiery where these channels play a major role in maintaining basai

tone because glibenclamide causes 67% tnercase in coronary resistance (Samaha et

à1, 1991). In rabbit aorta, glibenclamide inhibits increase in [Ca2 
*]1 and the

contraction induced by both potassium-depolarization and noradrenaline, without

altering the calcium-force relationship (Yoshitake et al, 1991). However during

relaxation induced by potassium channel opener, cromakalim, glibenclamide causes

contraction with increased [Ca2 
*]i 

(Yoshitake et al, IggÐ. Therefore it is conciuded

that in the absence of an agent which opens potassium channel, glibenclamide

dec¡eases LCuz 
*li 

and force development by other means. This may be true for the

isolated canine basilar afiery in which the basal activity of ATP-sensitive potassium

channel may be very low. Since lcuz 
*liis 

decreased, there is no depolarization or

production of leukotrienes, no potentiation on the effect of leukotrienes.

Another question that a¡ises is that since we hypothesize that both glibenclamide

and hypoxia block ATP-sensitive potassium channels and these channels may not be

active normally, then why does hypoxia cause a contraction while glibenclamide does

not? One explanation is that during hypoxia, potassium channels other than

ATP-sensitive ones may be blocked. These may include voltage-sensitive and
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voltage-insensitive calcium-activated potassium channels. The blockade of these

potassium chan¡rels results in depolarization, increase in the influx of calcium ions,

activation of phospholipase Az and S-lipoxygenase, increased production of
leukotrienes and therefore contraction. This is supported by the fact that
4-aminopyridine, a non-ATP inhibited potassium channel blocker, is able to
potentiate hypoxia-induced contraction (Elliott, 1989). 4-Aminopyridine is able to

cause an increase in the resting tension of the artery rings (Elliott et al, I99l),
indicating that potassium channels other than ATP-sensitive ones are in active state

under basal condition in canine basilar artery, which are closed by hypoxia causing a

depolarization.

Hence, hypoxia-induced contraction of isolated canine basilar artery is a very

complex process. It may involve the closing of potassium channels, depolarizatíon of

the vascular smooth muscle cells, increased influx of calcium ions, increased

production of leukotrienes, and decreased production of endothelium-derived

relaxing factor (Section Ð. A scheme of the possible series of events is as follows

(Figure 26): as soon as hypoxia is produced, the decreased oxygen tension closes

potassium channels which depolarizes smooth muscle cells. 'When the depolarization

reaches a critical th¡eshold, voltage-dependent calcium channels open, increasing

influx of calcium ions (Haeusler, 1985). The increased lcuz 
*li 

has dual actions. One

is to act as a second messenger activating contractile elements within the cells

causing contraction. The other is to stimulate phospholipase A2 and 5-lipoxygenase

(Needleman et al, 1986), increasing the production of leukotrienes. Leukotrienes,

produced directly during hypoxia and indi¡ectly by increased lcu2 
*li, 

through their

own specific receptors on the muscle cell membranes, cause further increase in

[C"2 
*]i (calcium transient), along with activation of phosphoinositide-specific

phospholipase C (Crooke et al, 1988). As a result, protein kinase C is actívated,

which may play a role in the regulation of leukotriene receptor activity and may be

involved in propagation of the leukotriene-induced signal (Crooke et al, 1988). For

example, the dissociation rate of leukotrienes f¡om their receptors may be slow after

occupation, and phosphorylation of the receptors by protein kinase C may make the

dissociation slower, therefore explaining the sustained contracting effect of

leukotrienes even after washout. In addition, topoisomerase I is activated after

tt4



leukot¡iene D+ interacts with its receptors and appears to be involved in enhancing

transcription of the gene for phospholipase A2 activating protein (Crooke et al,

1988), which in turn increases the activity of phospholipase Az. However this effect

takes hours to days, therefore it is unlikely the reason for the sustained effect of
leukotrienes in our experiments. The constricting effect of leukotrienes is also

potentiated by the depolarization and increased [Cu2 
*]i. A variety of leukotrienes

may be involved, but leukotriene D+ seerns to play a major role during hypoxia

because it has been shown to be the most potent vasoconstrictor among the family of

5-lipoxygenase products, particularly in cerebral arteries (Nishiye et al, 1988). On the

other hand, once the muscle cells are depolarízed, hypoxia itself is able to further

open more calcium channels inducing more calcium ion entry into the cells. All the

above mechanisms are important because each of them may act as a triggering or

potentiating factor for the others. Once oxygen tensions are restored to normal,

potassium channels are reopened., cell membranes are repolatized, [Cu2 
*]i

decreases, the production of leukotrienes is shut off, therefore the vascular rings

relax.

The effect of leukotrienes is sustained for several hours, therefore the resting

tension of the artery rings continues to gradually increase if the agonist is washed out

before the contraction reaches a steady state, as shown in some of our experiments.

In the case of hypoxia, the more frequent the episodes the higher the resting tensions

between the episodes, although the peak levels of contraction during each hypoxic

episode do not significantly change. Thus one may say that the recovery of tension on

restoration of normoxia has two components, a rapid one which behaves different

from the relaxation during washout of leukotriene D4, and a slower component

which has characteristics similar to that of leukotrienes. Whether the rapid

component of relaxation indicates the removal of a different vasoconstrictor with a

faster offset or is due to involvement of a more rapid mechanism, e.g., involvement

of an electrogenic sodium pump (Mallick et al, 1987) is not entirely certain. The

persistence of tone after repeated hypoxia and normoxia resembles the persistent

increase in vascular resistance seen in cerebral ischemia followed by its correction.
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Exogenously administered and endogenously produced leukotrienes may have

some different characteristics, but prolonged constrictor effect of both leukotrienes

puts them in a very important place in the pathogenesis of such common cerebral

vascular disorders as vasospâsm after ischemia followed by reperfusion, hypoxia

induced by asphyxia and cardiac arrest followed by reoxygenation (Moskowitz et al,

1984; Todd et al, 1986; Gleason et al, 1990), or even suba¡achnoid hemor¡hage under

which the concentration of leukotrienes are reported to be increased (Paoletti et al,

1988; Yokota et al, 1989).
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Figure 26. Proposed scheme for hypoxia-induced contraction. Potassium channel

other than ATP-sensitive type is inhibited (dotted line) by hypoxia, causing

depolarization, which opens voltage-sensitive calcium channel increasing [Cu2 
*]i

which then causes contraction and stimulates the activity of phospholipase and

lipoxygenase. Once a small fraction of calcium channel is activated, hypoxia is
then able to cause further opening of calcium channel (solid line), potentiating

the contraction which is present even when the production or the receptor of
leukotrienes is blocked. Separate from the ionic mechanisms, hypoxia induces

production of leukotrienes by increasing the metabolism of arachidonic acid

through lipoxygenase pathway, which is responsible for the hypoxic contraction.

Hypoxia is also assumed to inhibit the activity of cyclooxygenase, after which

more arachidonates are shunted to lipoxygenase pathway. If the endothelium is

intact, then endothelium-dependent relaxation by various agonists is inhibited by

hypoxia, further potentiating the contraction. These agonists will directly act on

thei¡ corresponding receptors on smooth muscle cell causing contraction if
endothelium is absent. Immediately after reoxygenation, potassium and calcium

channels resume their activities, production of leukotrienes is shut off, and the

electrogenic Na-K ATPase which is inhibited during hypoxia starts working

causing hyperpolarization and a relaxation occurs as a result.
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Section ll

The present study is done in a¡terial rings with intact endothelium. The possibility

that hypoxic conhaction can be via an effect on the endothelium has been previously

examined by us in the isolated canine basila¡ artery (Elliott et al, 1989). It is shown

that the hypoxic contraction is only partially blocked after mechanical and chemical

removal of the endothelium. Thus a significant amount of hypoxic contraction is not

endothelium-dependent and is presumably due to increased production of
leukotrienes and changes in the activity of several ionic channels (Section I).
However, the effect of leukotrienes has been reported to be reiated to endothelium

in some vascular beds of various species. It has been shown that the contraction

caused by leukotriene D+ is enhanced if endothelium is denuded chemicaily in
isolated guinea-pig basilar artery, indicating that leukotriene D4 acts on both

endothelium and smooth muscle cells (Nishiye et al, 1938). The former effect

stimulates the release of endothelium-derived relaxing factor which tends to
counteract the contractile effect of the latter. In guinea-pig pulmonary artery,

leukotriene D+ causes a relaxation mediated by endothelium, because in
endothelium-denuded vessel rings it causes a direct contraction (Sakuma et aI, 1987).

These phenomena may therefore explain our observation that leukotriene D+ causes

contraction slowly, presumably after any endothelium-dependent effect is over and

once the contractile effect of leukotriene(s) predominates, the increased tension is

sustained even after washing out. Leukotriene C+ is inactive in isolated canine basilar

artery, probably because its endothelium-dependent dilatory action is stronger than

cont¡actile action, or because it has to be converted to leukotriene D+ before any

effect could be observed. If, during hypoxia, endothelium is impaired, then

contraction induced by leukotrienes produced during hypoxia may be greatly

enhanced. This may also explain why hypoxic contraction is larger than

leukotrienes-induced contraction. This is supported by the fact that some arachidonic

acid metabolites, such as 15-hydroperoxyeicosatetraenoic acid (15-HPETE), are

capable of inducing endothelial damage in the arteries, including canine basilar

artery (Sasaki et al, 1981; Watanabe et al, 1988). Therefore if, during hypoxia, these

lipoxygenase metabolites are produced together with leukotrienes, causing
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endothelial damages, then the constricting effect of leukotrienes may be unmasked

and potentiated.

On the other hand, hypoxia itself may have an inhibitory effect on
endothelium-dependent relaxation. Before the discovery of the role of endothelium

in the relaxation of arteries by actylcholine, it was found that anoxia inhibited this

relaxation in rings of canine femoral artery (De Mey & Vanhoutte, 1980). Later it
was reported that anoxia inhibited endothelium-dependent relaxation of rabbit aorta

by acetylcholine and A23187, and of canine intrapulmonary and renal arteries by

acetylcholine and bradykinin (Furchgott, 1984). In addition, anoxia prevents the

relaxation evoked by thrombin and vasopressin in isolated canine basilar artery

(Katusic & Vanhoutte, 1986). It is reported that th¡ombin causes a potent transient

relaxation followed by a conhaction in canine basilar aúery where the endothelium

is present, but not in endothelium-denuded rings (De Mey & Vanhoutte, 1982),

while vasopressin relaxes endothelium-intact canine basilar arteries via specific

V1-vasopressinergic receptors on endothelial cells (Katusic et al, 1984). However,

whether the inhibition on endothelium-dependent relaxation by hypoxia is at the site

of synthesis, release, or the site of action is not known.

In our studies, we also have demonstrated that during hypoxia, the relaxations

induced by vasopressin, thrombin, acetylcholine, and A23I87 are all inhibited to

some extent in isolated canine basilar artery rings. It is well known that

endothelium-derived relaxing factor and nitric oxide share many chemical and

physiological characteristics (Ignano et al, 7987; Palmer et al, l9S7). For example,

both are inhibited by hemoglobin, augmented by superoxide dismutase, and activate

guanylate cyclase. There is evidence, horvever, that there are more than one kind of

endothelium-derived relaxing factors, different vasodilators may release different

ones, and the same vasodilator may act through different mechnisms in different

vascular beds (Miiler & Vanhoutte, 1989). For instance, endothelium-derived

relaxing factor released from systemic arteries and pulmonary veins may differ from

that released from systemic veins (Miller & Vanhoutte, 1989). In addition to relaxing

factors released by different vasodilators, endothelium-derived hyperpolarizing

factor may also be one of the mechanisms involved in the relaxation induced by them
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(Bolton et al, 1984; Feletou & Vanhoutte, 1983). Nevertheless, whether tåe

endothelium-derived relaxing factors released by leukohienes and those vasodilato¡s

which we studied are the same needs further studies. It is possible, though, that
hypoxia inhibits leukotriene-induced endothelium-dependent relaxation and

therefore making the vessels more sensitive to the constrictive action of leukotrienes.

Hypoxia may also inhibit the basal production of endothelium-derived relaxing

factor, thus making the afiery more prone to contraction. TÏnee possible sites of
action can explain the inhibition of endothelium-dependent relaxation by hypoxia:

(1) intdbition of release of endothelium-derived relaxing factor; (2) inhibition of

postsynaptic muscarinic receptors; and (3) inhibition of a post-receptor event

responsible for smooth muscle relaxation. It is known that in canine basilar artery,

hypoxia-induced contraction is not affected by atropine (Mallick et al, 1987),

therefore the inhibition of endothelium-dependent relaxation rny occur either at the

endothelium or on the action of endothelium-derived relaxing factor on the smooth

muscle cell. The former site seems probable because hypoxia has no effect on sodium

nitroprusside- and acidified nitrite (containing nitric oxide)-induced relaxations

which do not act through the endothelium or endothelium-derived relaxing factor

(Figure 20). An altemative, but less likely, possibility may be that the mechanism of

relaxant action of endothelium-derived relaxing factor on the vascular smooth

muscle is different from that due to nitroprusside- and nitric oxide-induced

relaxation or by the activation of an elect¡ogenic sodium pump. Although a

component of endothelium-mediated and sodium nitroprusside-induced relaxation

may be accompanied by the elevation of intracellular cyclic GMP, other differences

between the two ¡elaxants may make it possible that hypoxia may selectively inhibit

the endothelium-mediated response but not that due to sodium nitroprusside or

nihic oxide. Because there is still some extent of relaxation induced by acetylcholine,

A23I87, and thrombin during hypoxia (Table ltr), it is suggested that hypoxic vessels

can still release stored endothelium-derived relaxing factor once the vessels are

stimulated by endothelium-dependent vasodilators. Therefore, it appears that

hypoxia mainly inhibits the synthesis of endothelium-derived relaxing factor induced

by different vasodilators. Cultured endothelial cells are able to synthesize nihic oxide

from the terminal guanidino nihogen atoms of amino acid t-arginine @almer et al,
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1988) and the L-arginine analog¡s, NG-monomethyl-r-arginine (L-NMMA), inhibits

the synthesis/release of nitric oxide from the cultured cells and the
endothelium-dependent relaxation of rings of rabbit aorta by different vasortilators

(Rees et al, 1989a). We, therefore, postulate that oxygen is vital in the synthesis

and/or telease of endothelium-derived relaxing factor and hypoxia may act in a

simila¡ way to the specifìc inhibitor of r-arginine: nitric oxide generating system,

L-NMMA. Certainly further studies are needed to clarify this conception.

Although endothelium-derived relaxing factors synthesized by different
vasodilators are all inhibited during hypoxia, the pattem and the degree of inhibition

differ. The endothelium-derived relaxing factor that is most sensitive to hypoxia is

that released by vasopressin, the next ones are acetylcholine and thrombin. The least

hypoxia-sensitive endothelium-derived relaxing factor is that released by the calcium

ionophore, 
^23187. 

This again is consistent with the notion that different kinds of

endothelium-derived relaxing factors exist, depending not only on the vascular beds,

but on the agonists as well. The high sensitivity of vasopressin-induced

endothelium-dependent relaxation to hypoxia may have its clinical significance in

that during hemorrhage and septic shock, the level of circulating vasopressin is

greatly increased (Katusic et al, 1984). This peptide does not cross blood brain

barrier (Wang et al, 1981) and perivascular application of vasopressin to the surface

of the brain arterioles does not affect pial arteriolar diameter or arteriolar blood flow

(Lassoff & Altura, 1980), therefore by acting on cerebral endothelial cells, increased

circulating vasopressin increases cerebral blood flow (Katusic et al, 1984). This favors

the redistribution of blood from the periphery to maintain cerebral blood flow due to

the endothelium-independent constrictor effect of vasopressin in the periphery

(Katusic et aI, 1984). However hypoxia often occurs as a complication of hemorrhage

and septic shock and when it does happen, vasopressin then will not be able to

preserve blood flow to the brain if there is concomitant inhibition of the synthesis of

endothelium-derived relaxing factors. As a result, cerebral blood flow might be

impaired under these pathological conditions, md if prolonged this will lead to

neurological damage.
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Section lll

The role of another potent vasoconstrictor, endothelin, is also tested in the

present study. Endothelin, released from vascular endothelium, has been fo¿nd to
play a key role in the regulation of vascular tone both during normal conditions and

in pathophysiology of many circulatory disorders (Vanhoutte et al, 1986). Since

endothelin was first identified ffanagisawa et al, 1983) to be a 2l-amino acid peptide

being a strong vasoconskictor, the mechanism of endothelin-induced conhaction in

both nonvascular and vascular preparations has been extensively investigated (Eglen

et al, 1989; Vila et al, 1990; Meyer et al, 1989; Criscione et al, 1989; Jansen et al,

1989; Kauser et al, 1990). It is clear that neither c¿-adrenergic nor

5-hydroxytryptamine receptor antagonists are able to affect the response to

endothelin (Jansen et al, 1989). The removal of endothelium does not alter the

sensitivity of the vessels to endothelin (Jansen et aI, 1989), although the enhanced

response to endothelin after the removal of endothelium is also observed @glen et

al, 1989; Kauser et al, 1990). Some investigators have shown that prostaglandins

modulate endothelin-induced contraction (Kauser et al, 1990; Ja¡sen et al, 1989).

Others have reported that the effect of endothelin in renal microcirculation is

mediated by leukotrienes (Fretschner et al, 1991). An increased concentration of
endothelin in cerebrospinal fluid during subarachnoid hemorrhage has been

demonstrated (Hirata et al, 1990; Suzuki et al, 1990). Because endothelin has been

shown to be the most potent vasoconstrictor in cerebral circulation (Vila et al, 1990),

the mechanism of endothelin-induced contraction and the possible role of
endothelin in hypoxic conhaction in canine basilar artery is therefore of interest.

The contractile property of endothelin in canine basilar artery is unique.

Although it causes immediate and dose-dependent contraction, the tension remains

high even after endothelin is washed out. Usually it takes 2-3 hou¡s for the tension to

go down to initial levels. A high degree of tachyphylaxis is observed after repeated

expostue of the vessels to endothelin, similar to the phenomenon obseryed in feline

cerebral arteries (Jansen et al, 1989). In order to test if the effect of endothelin is

mediated by leukotrienes in isolated canine basilar artery, we have used L-660,7LL

and L-649,923, leukohiene receptor antagonists which inhibit leukotriene D+- and
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hypoxia-induced contraction. From Figure 23 &. 24, we conclude that leukotriene

antagonists have no inhibitory effects on endothelin-induced contraction, indicating

that leukotrienes may not mediate endothelin-induced conhaction in canine basila¡

artery. If endothelin plays a role in hypoxic contraction, tl.en when tåe vessels

become tachyphylactic to endothelin, hypoxic contraction should be decreased

simutaneously. Tlris is not found to be the case (Figure 25). On the other hand,

hypoxic contraction is not dependent upon the presence of endothelium, the site of
production of endothelin, indicating that mediators produced at sites other than

endothelium are the main mediators in hypoxic conhaction. Therefore, our study has

suggested that although endothelin can modulate cerebral vascular tone under either

physiological or pathological conditions, it is not likely involved in the

hypoxia-induced conhaction of isolated canine basilar artery.

Constriction of cerebral vessels is seen under certain pathological ci¡cumstances

(e.g. ischemia followed by reperfusion), resulting in impaired cerebral blood flow
(Todd et al, 1986). The mechanism of this phenomenon is not well understood. Our

present experiments are of importance because it is possible that hypoxia-induced

constriction in vitro may be responsible for cerebral vascular constriction induced by

ischemia/reperfusion in vivo. However, in vivo studies have consistently shown an

increase in cerebral blood flow during hypoxia followed by a decrease upon

reoxygenation (Pulsinelli et al, L982; Todd et al, 1986). How to explain this

inconsistency between in vitro and in vivo observation needs further studies in the

whole animals, which will be discussed in the next section.
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MATERIALS & METHODS OF IN VIVO EXPERIMENTS

Surgery

Male Sprague Dawley rats were anesthetized with urethane (1,400 mg/kg)

intraperitoneally. Body temperature (37.3+ O.OoC during normoxia and 37.2+ O.IoC

during hypoxia, n:16) was maintained by placing the rat on a heated table during

the experiment. Tracheostomy was performed with a l4-gauge catheter. The rats

were paralyzed with d-fubocurarine (0.3 mgikg) and ventilated with a Harvard

Apparatus ventilator (Millis, MA, U.S.A.) at rates of 30-40/min and with tidal

volumes of 5-10 ml to maintain expired PCOz at 35-45 mmHg. The inspired gas was

enriched wíth 100% Oz to maintain inspired POz at 40-50 mmHg. Airway inspired

Oz and expired COz pr".rure immediately proximal to the hacheal catheter were

monitored by 
"n 

Oxychek oxygen monitor (Critikon Inc, Tampa, FL, U.S.A.) and a

223 COz monitor (Datex Instrumentarum Corporation, Helsinki, Finland),

respectively. Hypoxia was produced by changing the inspired gas to IOO% Nz,

therefore the inspired POz was decreased to 13-15 mmHg for 5-10 min, without

significant changes in the expired PCOz. Normoxia was restored by ventilating the

animals wlth IOO% O2again.

The right femoral artery was cannulated with PE59 polyetþlene tubing for

monitoring the blood prassure, heart rate, and arterial blood gases. Blood pressure

and heart rate were recorded by a Gould chart recorder (P239b, Allan Crawford

Associates LTD., Mississauga, Ontario, Canada) through a Statham ôB pr"r"rrr"

transducer. Gas concentrations of the blood drawn from the right femoral artery

were measured by a 1302 pHþlood gas analyzer (krstrumental Laboratory, Italy).

When inspired POz and expired PCOz were maintained at 40-50 mmHg and 35-45

mmHg, respectively, tle arteriul pH, PaOz, and PaCO2 vlere all within the normal

physiological ranges (See results). When hypoxia was produced, PaOz decreased to

20 mmHg (See results).

The rat's head was wrapped in gauze and placed in a head holder which consisted

of a metal support and a clamp. The skin and the underlying tissue of the skull were

dissected clean, exposing the bone. A 5-10 mm burr hole was created over the right
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parietal cortex with an air-cooled drill. Two infi¡sion h:bes were glued at the edge of
the hole. The dura was gentlly peeled off, exposing pial vessels. A micro-probe for
monitoring the temperature of the brain surface was also glued to one edge of the

window, and was connected to a TH-6D Thermalert temperahue monitor (Bailey

Instruments rnc., NJ, u.S.A.). Under normoxic condition, the average brain
temperature was 36.6+ 0.2oC throughout the experiment (n:1ó), while during
hypoxia it was 36.6+ O.ZoC (n:lO. The burr hole was then covered with a thin piece

of plastic slide and sealed with dental acrylic tightly. Artificial cerebrospinal fluid
(CSÐ with the following compositíon (in mlvf): NaCl 125.5, KCl 3.0, CaCIz L.3,

MgClz 1.1, NaHCOz 25.0, KHzPO¿ 0.5, and wea 2.2 (pH 7.3O-7.40, PQz 100-120

mmHg, PCOz 35-40 mmHg) was suffused through the window during the

experiments. It has been shown previously that this artificial CSF did not affect the

resting pial arterial diameters. During hypoxia, pH, PO2, and PCOz of the artificial

CSF over surface of the brain did not change significantly.

Pial arteriolar diameter measurement

Pial vessels, 20-100 Fm in diameter, were visualized with a Nikon SMZ-10 stereo

dissection microscope (Nikon Cotp., Japan). Only one arteriole was sfudied per

animal. The image of the selected pial arterioles was captured with a Cohu solid state

camera (Colorado Video Inc., U.S.A.) (magnification x 100). The image of the vessel

was stored with a Sony VO-5600 U-matic videocassette recorder (Sony Corp., Japan)

(Figure 27) and was analyzed in a rcal time with a custom-built video edge detector

after the vascular image was enhanced by a 605 video contrast enhancer (Colorado

Video Inc., U.S.A). The image of the pial vessels rvvas then visualtzed on a TR-930C

Panasonic video monitor (Matsushita Electric Industrial Co., Ltd., Japan) and the

diameter of arterioles was recorded on a Gould chart recorder (Allan Crawford

Associates Ltd., Mississauga, Canada).

Chemicals

Leukotrienes C+ and D+, adenosine, and L-660,7 LI were directly dissolved in

artificial CSF in different concentrations. 8-Phenyltheophylline was originally

dissolved n L00% dimethyl sulfoxide (DMSO, Sigma Chemicals Co., U.S.A.), and

then diluted with artificial CSF in different concent¡ations with the final
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Figure 27. Experimental setup of closed cranial window technique for the

measurements of the diameter of pial arterioles in rats.
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concenhâtion of DMSO < 1%. At this low concentration, DMSO does not affect the

reactivity of the VSM. Leukotrienes and adenosine were purchased from Sigma

chemicals (st. Louis, MI, u.s.A.). L-660,711 was a kind gift from Dr. A.w.
Ford-Hutchinson (Merck-Frosst, Canada). 8-Phenyltheophylline was purchased from
Research Biochemicals Inc. (Naticþ MA, U.S.A.).

Data Analysis

Mean arterial blood pressure, heart rate, and blood gases were analyzed by

analysis of variance followed by Duncan's new multiple range test. The changes in

pial arterial diameter were exprqssed as a percentage of the conhol values and were

then analyzed as above. The measurements of arteriolar diameter were confirmed by

a second blinded person. The data are meanls.e. mean. A p value of <0.05 was

considered to be statistically significant, which was represented by utt asterisk in the

figures. A commercial computer program (NCSS) was used for the statistical

analyses.
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RESULTS OF IN VIVO EXPERIMENTS

Section lV

1. Hemodynamics & blood gases in control rats.

Table VII shows hemodynamic measurements in five rats and blood gas

measurements in three rats in the conhol group made during a l2O-minute period of
normoxia. Artificial CSF was suffused continuously through the window during the

experiment. Heart rate, blood pressure, arterial pH, PaO2, and PaCOz did not

change significantly throughout the two how-period of experiments, indicating that

the animals were hemodynamically stable.

Table VIf. Hemodynamics & blood gases in control rats

Duration

(min)

0

60

120

Hemodymics (n: 5)

Blood pressure Heart rate

(mmHg) (beats/min)

2. Hemodynamics & blood gases in hypoxic rats.

Table VtrI shows hemodynamic measurements and blood gas changes in the

hypoxic group in which 12+ 3 min (n:5) hypoxic episode was produced while

artificial CSF was continuously suffused through the window. The variable duration

of hypoxia was dictated by the condition of the animals. During hypoxia, blood

pressure decreased markedly; this was accompanied by a decrease in heart rate, both

of which then returned to the prehypoxic levels after reoxygenation. PaOz was

reduced to an average of 2O mmHg during hypoxia and retumed to the prehypoxic

levels after reoxygenation. PaCOz and arterial pH did not alter significantly during

hypoxia.

l0Zv 13

100r10

101+ 10

480119

468+ 22

456+ 3l

pH

Blood gases (n: 3)

7.41+ 0.02

7.38+ 0.05

7.42+ O.O3

PaCOz

(mmH

35.61 0.5

37.8+ 2.1

37.2+ L.2

PaOz

(mmHg)

140r15

136+-14

137+ 12
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Hemodynamics (n: 7)

Time period Blood pressule Heart rate

(mmHg) (beats/min)

Table VIII. Hemodynamics & blood gases in hypoxic rats

Control

Hypoxia

60 min after

120 min after

95+ 3

3115

3. Changes of arterial diameter ¡n control and hypoxic rats.

Changes of pial arteriolar diameter in both control and hypoxic rats are

summarized in Table IX. When expressed as the percentage of the control values,

the diameters did not change throughout the experiment in the normoxic rats (I00%

as control, 100.41 4.5% at6O minutes, and 100.8+ 5.4% at 120 minutes, respectively;

p>0.05, left panel, Figure 27). During hypoxia, pial arteriolar diameter was

increased to 118.014% of the conhol and 60, 120 minutes after reoxygenation, it was

decreased to 87.I+ 5.4Vo and 84.515.9% of the control values (p<0.05, middle

panel, Figarc 27).

4. Effects of repeated hypoxia on arter¡olar diameters.

In order to confirm that the increase in diameter during hypoxia was not affected

by time, we studied the effect of repeated hypoxia on pial arterioles. After the first

hypoxic challenge, the animals were allowed to rest under normoxia for 30 minutes

before the second hypoxia was produced. This pattern of hypoxia was repeated up to

th¡ee times if the animals could tolerate it. The diameters during these tbree hypoxic

episode were 141.8+ 5.5%, 141.8+ 10.3Vo, and 148.8+ 8.7Vo of the conhol values,

respectively (n:4, p>0.05).

92v 5 4462 L8

90r 5 446t_2O

446+ 22

1881 35

pH

Blood gases (n: 7)

7.36+ O.O2

7.401 0.01

7.36+ O.OI

7.33!_0.01

PaCOz

(mmHg)

35.810.7

37.2+ I.8

36.8t2.r

37.2+ 0.9

PaOz

(mmllg)

96ttz
2L+ 3

100:-10

102+ 10
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Group

Table IX. Eypoxia-induced changes in pial arteriolar diameter

Control (n: 5) 33.3

35.5

28.9

23.6

73.0

Meanr s.e.mean 38.0+ 8.8

Before hlpoxia

Arteriolar diameter (Fm)

Hypoxia (n: 7) 34.7

56.0

61.0

58.3

59.0

91.0

61.4

Meanr s.e.mean 60.0r_5.6

During hypoxia 60 min afte¡

36.7

33.6

29.2

20.2

72.3

39.0r8.9

45.8

59.0

7r.2

72.0

66.6

110.6

72.3

72.8+ 5.2

5. Effect of L-660,711 on posthypox¡c vasoconstr¡ct¡on.

120 min ¿ftg¡

Because in isolated canine basilar artety, hypoxia-induced contraction was

blocked by leukotriene antagonists, we tested whefher leukotienes are involved in

the vasoconstriction induced by hypoxia in rats. Suffusion of L-660,711 itself did not

alter the diameter of the pial arterioles. Neither did it change the vasodilator

response of the arterioles to hypoxia (right panel in Figure 28). However the

decreases in diameter that occurred 60 and 120 minutes after restoration of

normoxia were inhibited (right panel in Figure 28). Figure 29 ts a modification of the

middle and right panels of Figure 28, showing that posthypoxic vasoconstriction is

prevented by L-660,711 (10-s M).

36.7

3r.2

25.2

2L.3

79.6

39.01 10.5

32.6

49.0

52.4

34.3

61.8

77.O

57.9

52.0!_2.1

27.r

48.6

45.8

35.2

65.1

81.6

55.7

50.1+ 2.0
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Effect of L-660,711 on Afteriolar Diameter During & After Hypoxia
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Figure 28. Artificial cerebrospinal fluid (CSF) was suffused continuously over the

brain surface through a closed cranial window. Pial arterioles were visualized by a

stereo dissection microscope. The image of the vessels was measured with a

custom-built video dimension analyzer. In this figure, the changes in diameter

were expressed as a percent of their own confrol, which is represented by the zero

line. Left panel is the control group in which rats were maintained at the normal

blood gas levels for 120 min (n:5). The diameter did not change throughout the

2-hour observation period. The middle panel is the hypoxia group in which a
10-15 min hypoxic episode was produced and diameter was measured before,

during as well as 60 arñ l2O min after hypoxia (n:7).The diameter significantly

increased during hypoxia followed by a significant decrease 60 and L2O min after

hypoxia. Right panel is the group in which the suffused CSF contained L-660,71I

(10-s M). Compared with the middle panel, postþpoxic decrease in diameter was

prevented (n=9).

K> During hypoxia

Control Artificial CSF

Z 6o min

csF & L-660,711

-10

-15

-20

Flteo min
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Etfect of L-660,711 on Posthypoxic Vasoconstriction
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Figure 29. A modification of Figrue 28.I-eft panel: during hypoxia, the pial arteriola¡

diameter increased in the absence and in the presence of L-660,7I1 (10-5 NrÐ.

Middel panel: sixty minutes after hypoxia, arteriolar diameter decreased in the

absence of.L-660,711, while in the presence of L-66O,711 (10-s M), the diameter

did not change. Right panel: two hours after hypoxia, posthypoxic
vasoconstriction was significantly prevented by L-660,711 (10-5 lvÐ.
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6. Effect of leukotrienes on pial arteriolar diameter.

If leukotrienes are involved in posthypoxic contraction as suggested by its
blockade with L-660,711, then exogenously administered leukotrienes should be able

to contract pial arterioles. In this study, artificial CSF containing different
concentrations of leukotrienes C+ and D+ wæ suffused through the window. The

suffusate containing both agonists did not affect arterial blood pressure and heart

rate. For leukotriene Ca (Figure 30), the diameter changed from conhol (100%) to

85.0L 1.8% at 10-8 M,76-6v 4.4% at 10-7 M, and 68.8+ 2 .9Vo at 10-6 M, respectively.

The intervals between each concenhation were 30 minutes. Then fresh artificial CSF

was suffused for 60 minutes. Expressed as the percentage of the control values, the

arteriolar diameters 30 and 60 minutes after washing out leukotriene C4 were

77.0+ I.6% and 76.013.8Vo, respectively.

For leukotriene D+ ffigure 30), the protocol was the same as with leukot¡iene C+.

At 10-8, 10-7, and 10-6 M, the diameters of arterioles were 94.3+ 0.8%,89.3+ I.5%,

and 83.8+-2 -3% of the control, respectively (n:4, p<0.05). The diameters became

94.2+ I.5Vo and 93.8+ 1.8% of the control 30 and 60 minutes after suffusing fresh

artificial CSF for 60 min (p<0.05). In another group of animals, L-660,711 (10-6 I\Ð

was suffused for 60 min before leukokiene D+ was given. The diameters in this group

are 100.4+ O.4% at 10-8 M, 99.7+ O.LVo at 10-7 M, and 99.810.2Vo at 10-6 M

leukotriene D4, respectively (p>0.05).

7. Effect of adenosine on pial arteriolar diameter.

The vasodilator effect of adenosine and its antagonistic relationship with

leukotrienes and hypoxic contraction have been demonstrated in isolated canine

basilar artery. 'We proposed that vasodilation during hypoxia was due to the

production of adenosine, which masked the effect of leukokienes. In order to prove

that adenosine is active in pial arterioles, artificial CSF containing different

concentrations of adenosine was suffused into the window. As shown in Figure 31,

there was 4.0+ 0.5%,9.0+ 1.4%, and 14.01L.9% tnqease in diameter caused by 10-6

M, 10-5 M, and 104 M adenosine respectively, compared with the control (p<0.05,

Figure 31).
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Effect of Leukotrienes on Pial Arterioles
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Figure 30. Artificial cerebrospinal fluid (CSÐ ssnfaining different concentrations of
leukotriene Ca (solid squares, n:5) and D+ (solid circles, n:4) was suffused into

the cranial window. Both drugs caused a dose-dependent decrease in diameter of
pial arterioles. Each concenhation of leukobienes was continuously suffused for

15-30 min. However, if artificial CSF containing L-660,711 (10-6 M) was suffr:sed

60 min before leukohiene D+ was added, then the diameüer did not change over

these concenhation ranges (solid triangles, n:4).

L€60,711+LTD4

Leukotriene Concentrations (log M)

-8 -7 -6
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Effect of 8-Phenyltheophylline on Adenosine-induced Dilation
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Figure 31. Artifìcial cerebrospinal fluid (CSF) containing different concentrations of
adenosine was suffused into the cranial window (solid squares, n:5), resulting in
a dose-dependent increase in diameter of pial arteioles. However, when CSF

containing 10-6 M (solid triangles, n:5) and 10-s M (solid circles, n:5)
8-phenyltheophylline (8-PÐ was suffused 60 min before, then the increase in
diameter induced by adenosine was signifi.cantly inhibited in a dose-dependent

manner.
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8. Effect of 8-phyenyltheophylline (8-PÐ on adenosine-induced dilations of
arterioles.

Although adenosine causes vasodilation in pial arterioles, its role in hypoxic

dilation, in vivo, is not clear. We studied the effect of an adenosine antagonist, 8-pT,

on the hypoxia-induced vasodilation. But first, we studied if 8-PT was an antagonist

against adenosine-induced vasodilation in pial arterioles of rats so that it could be

used as a tool to further study the role of adenosine during hypoxia. After suffusing

the cranial window with artificial CSF containing tO-6 M 8-PT for 30-60 minutes,

adenosine was administered at 10-6 M, 10-5 M, and 104 M, respectively. The

diameters of the arterioles at these th¡ee concentrations of adenosine were

102.5+ 0.6%,103.8+ 0.6%, and 105.9+ 0.5% of the conhol, respectively (Figure 31).

When artificial CSF containing 10-s M 8-PT was suffused for 30-60 minutes, the

diameters in the presence of the above three concenhations of adenosine, expressed

as the percentage of the control, werc 99.4+ O.4%, 98.8+ 0.7%, md 98.1+ I.2%,

respectively (Figure 31). 8-PT itself did not change the arteriolar diameter

significantly at 10-6 and 10-s M.

9. Effect of 8-phenyltheophylline (8-PÐ on hypoxia-induced dilation of
arterioles.

Artificial CSF containing 8-PT (10-7 NÐ was suffused into the window for 30-60

minutes before hypoxia was produced. Then during hypoxia, the arteriola¡ diameter

was 1II.O+ '2.0% of the conhol (p>0.05) which was not significantly different from

that without 8-PT in CSF (Figure 32). When artificial CSF containing 10-6 M and

tO-s M 8-PT was suffused, arteriolar diameter changes during hypoxia were

84.3+ lL.O% and77.2+ 3.4% of the control, respectively, which were significantly

different from that without 8-PT (Figurc 32).In the case of 10-5 M 8-PT, the pial

arteriola¡ diameter was significantly decreased compared with the conhol (p>0.05).
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Effect of 8-Phenyltheophylline on Hypoxic Dilation in vivo
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Figure 32. The effect of different concenhations of 8-phenyltheophylline (8-PT) on

the hypoxia-induced increase in arteriolar diameter was tested as follows. The

animals were divided into several groups. The first was the hypoxia group

suffused with artificial CSF alone (hatched bar), the diameter showed an increase

during hypoxia compared with the conhol (empty bar). The second group was

suffused with artificial CSF containing 10-7 M 8-PT (the third bar). During
hypoxia there was still an increase in diameter which was not significantly
different from that in the first group. In the third and the fourth group (dotted

bars), hypoxia was produced in the presence of t0-6 M and 10-s M 8-PT,

respectively. In both cases, the diameter decreased significantly compared with
that in the fi¡st group. In the case of 10-5 M 8-PI, the diameter was significantly

decreased compared with the control, indicating that after adenosine receptor

was blocked, hypoxic dilation v/as converted to a constriction.

Control

(n=6)

Hypoxia

(n=4

Hypoxia+
8-PT (10'M)

(n=6)

Hypoxia+ Hypoxia+
8-PT (10-ôM) 8-PT (1o-sM)

(n=5) (n=S)
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10. Effect of combination of 8-phenyltheophylline and L-660,711 on
hypoxia-induced alterations of arteriolar diameter.

Since 8-PT (10-5 lr4) converted hypoxic vasodilation to a vasoconstriction, it was

probable that leukotrienes nÞy be playing a role in it, as was the situation of isolated

canine basilar artery. 'We then studied the effect of different concentrations of
L-660,7L1 on the hypoxic vasoconstriction. Artificial CSF containing 10-s M 8-PT and

CSF containing L-660,71L (LO-7,10-6, and 10-5 M, respectively) was suffused

simutaneously into the window for 60 minutes. Then hypoxia was produced. The

arteriolar diameters during hypoxia at the above th¡ee L-660,7LI concentrations

were 81.910.3%,89.3+ 1.3%, and 103.012.7Vo, respectively (Figure 33). Figure 33

shows that L-660,711 inhibits the decrease in diameter during hypoxia after addition

of 8-PT (10-5 M) in a dose-dependent manner until 10-5 ML-660,711 was given, the

decrease in diameter is completely blocked. In the group in which 10-s M L-66O7II

was suffused, the arteriolar diameter measurements were made 60 and 120 minutes

after reoxygenation, they were 106.F 3.9% and lo6v 4.8% of the control (p>0.05).
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Figure 33. The animals were divided into the following groups: hypoxia group

suffused with 8-phenyltheophlline (8-PT, 10-s M, hatched bar), in which the

diameter decreased during hypoxia; L-660,711 group in which different
concentrations of L-660,711 were suffused for 60 min together with 8-PT (10-5

M). h L-660,711 group (the three bars on the right), the decrease in diameter

during hypoxia was dose-dependently inhibited until at 10-5 M, there was no

significant change in diameter during hypoxia compared with the confuol.

Hypoxia+
&PT+

L-660,711(1o/M)
(n=4)

Hypoxia+ Hypoxia+
8-PT+ -^ B-pT+

L-660,711 (1d"M) L-660,21r 1r<i5v¡(n=3) (n=s)
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DISCUSSION

Section lV

Cerebral hypoxia is a signifïcant clinical problem. In vivo experiments have

consistently shown an increase in cerebral blood flow during hypoxia and often a

decrease in flow after reoxygenation or reperfusion after ischemia (Todd et al, 1986;

Gleason et al, 1990). The increased cerebral blood flow, a result of cerebral

vasodilation, is believed to be caused by the release of some potent vasodilators f¡om

the brain (e.g., adenosine) during hypoxia (Winn et al, 1981a). The mechanism of

hypoxia/ischemia-induced delayed vasoconstriction, on the other hand, is still
unclear. In the first section, we have shown that leukotrienes are capable of
contracting isolated canine basilar artery and are involved in hypoxia-induced

contraction. In addition, leukotrienes 84, C4, D4, and E+ are all able to cause

longJasting vasoconstriction of cerebral arteries in different species in vivo (Beckett

& Boullin, 1981; Rosenblum, 1985; Mayhan et al, L986; Busija et al, 1986). Using

closed cranial window technique in rats, we have studied the relationship between

arteriolar diameters and systemic hypoxia, as well as its possible mechanism(s).

The closed window technique was flust described in large animals by Forbes

(Forbes, 1928), and was subsequently developed in smaller animals (Fog, 1937;

Levasseur et al, 1975), such as rodents, which allow the use of a less costly

experimental animal (Morii et al, 1986). The closed cranial window preparation

Preserves the integrity of the chemical and physical environment of the brain. It is
well known that cerebral circulation is exquisitely sensitive to local gas tensions, pH,

and intracranial pressure. Hence, a closed window technique can maintain these

parameters within physiological ranges so that brain herniation and COz loss from

the suffusion fluid will not occur (Morii et al, 1986). In addition, creation of a cranial

window in the skull and suffusion of the brain cortex with a¡tificial cerebrospinal

fluid leave the autoregulation of cerebral blood flow intact @ora, 1986).

Our studies are consistent with previous reports that hypoxia produces a marked

increase in cerebral blood flow, i.e., increased arteriolar diameter, accompanied by a

decrease in arterial blood pressure and heart rate during hypoxia. The increase in
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cerebral blood flow is reported to occur rapidly with a 200% elevation noted by 30

seconds (Nilsson et al, 1978) and in our studies the diameter inc¡eases immediately

after hypoxia and remains increased for the entire duration of hypoxia. The

mechanism whereby the increase in cerebral blood flow occurred is controversial,

but various hypotheses have been suggested for cerebral hypoxic hyperemia.

Although some suggest that neural mechanisms originating in peripheral

chemoreceptors are involved (Ponte & Purves, 1974), others have noted the

persistence of hypoxic hyperemia despite chemoreceptor denervation (Traystman et

at, 1978). Moreover, vasodilation of pial vessels caused by systemic hypoxia can be

overcome by increasing POz of cerebrospinal fluid locally (Kontos et ai, 1978),

therefore there does not appear to be strong evidence in favor of a neurogenic

mechanism for the hyperemia induced by hypoxia. Another mechanism to explain

the increase in cerebral blood flow with hypoxia is the metabolic hypothesis which

suggests that, in response to hypoxia, vasoactive substances are locally produced by

brain parenchyma. Many factors, such as hydrogen ions, potassium ions, and lactate

have been suggested to serve as this chemical linþ but none presently apperars to

fulfill all criteria (Astrup et al, L978; Busija & Heistad, 1984). In addition to these

substances, a purine nucleoside, adenosine, has been suggested to be a possible

factor leading to vasodilation of cerebral arteries during hypoxia (Winn et al, 1981a).

Adenosine is a potent dilator of pial arterioles (Wahl & Kuschinsky, 1976). It
increases cerebral blood flow when infused intraarterially (Laudignon et al, 1990a),

and its production by brain parenchyma is enhanced sevenfold 30 seconds after PaOz

reaches 30 mmHg (V/inn et al, 1981a). Furthermore, the adenosine antagonists,

caffeine or 8-phenyltheophylline, reduce the intensity and duration of the

anoxia-induced hyperemia, while dipyridamole and papavarine, inhibitors of

adenosine uptake, potentiate the increase in cereb¡al blood flow during hypoxia in

rat (Phillis et al, 1984) and newborn piglets (Laudignon et al, 1990b).

Intracerebrovascular theophylline infusion significantly attenuates the increase in

cerebral blood flow during both moderate and severe hypoxia (Hoffrnan et al, 1984).

In addition, hypoxia-induced depression of neuronal activity in hippocampal brain

slice is delayed and partially prevented by either 8-phenyltheophylline or
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theophylline (Fowler, 1989). Therefore, adenosine has been proposed to be an

important mediator in hypoxia-induced alterations in central nervous system.

In spite of the above-described supporting data, there are several aspects of the

"adenosine hypothesis" which need to be elucidated. Adenosine concentration in the

perivascular space and intracerebral arterioles has not yet been measured, and some

of the data from the literature are contradictory. For example, it has been reported

that theophyiline does not alter the vasodilation or increased cerebral blood flow
during hypoxia in cat, indicating that extracellular adenosine is not a critical factor in

the regulation of cerebrovascula¡ tone during hypoxia in cats (Dora, 1986). In human

studies, aminophylline, decreasing cerebral blood flow by itself, does not prevent the

increase in blood flow in response to hypoxemia, indicating that either adenosine

may not mediate hypoxia-induced vasodilation or the customary dose of
aminophylline is not sufficient to inhibit adenosine-mediated cerebral vasodilation in

response to hypoxia (Bowton et al, 1988). There are also some difficulties in the

evaluation of the experimental data obtained with adenosine uptake inhibitors.

While dipyridamole increases cerebral blood flow in the rabbit (Heistad et al, 1981),

it does not aiter cerebral blood flow in rat (Phillis et al, 1984), and does not

potentiate the blood flow increasing effect of topically applied adenosine in the dog

(Wirin et al, 1981b). In a previous study, topical treafrnent of the cat brain cortex with

adenosine deaminase, which converts adenosine to the non-vasoactive inosine, does

not attenuate the vasodilatory effect of arterial hypoxia (Dora et al, 1984).

Considering those arguements and contradictions, it seems relevant to further

investigate the possible role of extracellular adenosine in the regulation of
cerebrovascular tone, especially during hypoxia. Our present study in rats supports

the role of adenosine in the pial arteriolar dilation during hypoxia. Rats are able to

maintain a constant cerebral blood flow in the mean arterial blood pressure range

between 80-160 mmHg (Hernandez et al, 1978). The biood pressure decreases

significantly to 20 mmHg during hypoxia (Table \IIÐ, indicating that autoregulation

cannot be entirely accounted for the dilation during hypoxia. However, we did not

measure the corresponding arteriolar diameter when blood pressure drops gradually

from control to above 20 mmHg, therefore it is difficult to say at this stage that how
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much increase in diameter is athibuted to hypotention and how much to hypoxia.

Considering that the abilify to autoregulate cerebral blood flow is impaired during

hypoxia so that cerebral arterioles may not respond to changes in the perfusion

pressure (Busija & Heistad, 1984; Ong et al, 1987; Kettler et al, 1989), therefore

vasodilation observed during hypoxia must involve some local factors. In our

experiments, topically applied adenosine dilates the pial arterioles. This is inhibited

by topically administered 8-phenyltheophylline in a dose-dependent manner. The

reason for the topical application of both adenosine and 8-phenyltheophylline is

more effective access to the site and minimization of their systemic effects which

might be attenuating the effects on pial arteriolar diameter. 8-Phenyltheophylline is

an alþlxanthine, metabolized mainiy by the liver (Wormald et al, 1989). It differs

from the other classical alkylxanthines, such as theophylline, in that it has little

activity against cyclic AMP phosphodiesterase and has a greater potency as an

adenosine receptor antagonist in a variety of tissues (V/ormald et al, 1989). In

anesthetized dogs, blockade of adenosine receptors with 8-p-sulfophenyltheophylline

reduces baseline coronary blood flow, suggesting that adenosine may be involved in

the maintenance of the basal coronary vascular tone (Martin et al, 1991). Because

8-phenyltheophylline does not aiter the baseline arteriolar diameter in our study,

adenosine may not be an important factor in the tonic regulation of cerebral vascular

tone in the normoxic rat brain. This is in agreement with other studies (Phillis et al,

1984). Extracellular concentration of adenosine in the striatum of normoxic rats is

approximately 1 prM and increases substantially during hypoxia (>4-10 pM) (Winn

et al, 1981a; Zetterstrom et al, 1982). The th¡eshold for the relaxant effect of

adenosine on vascular smooth muscle lies at above 1 ¡rM (Berne et al, 1983), and

therefo¡e it can be speculated that adenosine plays only a minor role in the

regulation of cerebral blood flow in the normoxic rat. During hypoxia or ischemia,

adenosine is produced by the brain parenchyma and is released into cerebrospinal

fluid and extracellular spaces, with vascula¡ dilation as a consequence (Winn et aI,

L979). Cat pial arterioles larger than 50 Fm in diameter dilate I0% n response to

topical application of adenosine (V/ahl & Kuschinsky, 1976), while the smaller

vessels (<50 ¡rm) dilate more @erne et al, 1974). For example, increasing adenosine

concentration in cerebrospinal fluid from 5 to 50 ¡rM results n a 79% increase in
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diameter in vessels of 8-10 Fffi, a 35% tncrease in vessels of 11-19 ¡tm, and 25%

increase in vessels of 20-30 ¡rm (Berne et al, 1976). In our experiments with
adenosine, the diameter of pial arterioles ranges from 60-120 F,m with an average of
5% inqease in diameter at 1 FrM, a lOVo increase at 10 ¡rM, and a 15% increase at

100 ¡rM. Diameter of the arterioles studied in hypoxia experiments ranges f¡om 20 to

100 ¡rm, with a range of dilation from 15 to 40% increase in diameter during hypoxia.

The qualitative discrepancy between adenosine- and hypoxia-induced vasodilation

can be explained if the reaction of these smaller vessels (<50 ¡-rm) studied in ou¡

experiments with hypoxia to adenosine is considered. In addition,
electron-microscopic studies indicate that 5'-nucleotidase, the enzyme that

dephosphorylates AMP to adenosine, is concentrated in the cell wall of the glial

footpads that surround blood vessels (Kreutzberg et aI, 1978). Therefore, the

intracerebral blood vessels may be exposed to much higher concentrations of

adenosine during hypoxia than those applied topically or those calculated from the

whole brain adenosine values reported.

The antagonism by 8-phenyltheophylline of the increases in arteriolar diameter

during hypoxia in our study is consistent with the adenosine hypothesis. Furthermore,

it can be suggested that in the in vitro experiments, a lack of brain parenchyma, the

source of adenosine, makes the isolated cerebral arteries contract, instead of dilate in

response to hypoxia. This is further proved by the in vitro experiment in which in the

presence of 1 ¡.rM adenosine, hypoxic contraction of isoiated basilar artery is

prevented (Elliott, 1989). In addition, during hypoxic contraction, adenosine is also

able to relax the contracted vessel (Figure 7). On the other hand, we find that

adenosine is capable of antagonizing the vasoconstrictive effect of leukotrienes in

isolated artery (Figure 7). h the in vivo experwrents, 8-phyenyltheophylline not only

prevents the occurrence of vasodilation during hypoxia, but converts this dilation to a

constrictíon at higher concentrations (Figure 32), tndicating that other constrictor

substances, probably leukotrienes, are produced during hypoxia, but thei¡ effects a¡e

masked by the physiological antagonist adenosine. Because 8-phenyltheophylline

does not affect the diameter of arterioles, it is unlikely that the decrease in diameter

during hypoxia is due to this adenosine antagonist. Therefore, the discrepancy
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between in vitro constriction and ín vivo dilation of cerebral blood vessels during

hypoxia can be explained by the adenosine hypothesis.

It is generally accepted that adenosine modulates central nervous system

functions via its interaction with adenosinel (41) and adenosinez (42) receptors

located on the cell membranes (Daly et al, 1983). A1 receptor agonists inhibit cyclic

AMP formation (Daly et al, 1983), whereas A2 rcceptor stimulation increases

adenylate cyclase activity and cyclic AMP synthesis in rat (Huang & Rostad, 1985),

pig (Kalaria & Harik, 1986a), rabbit (Ying-Ou & Fredholm, 1985), and human

(Kalaria & Harik, 1988) cerebral microvessels. It has been suggested that the

mechanism of action of adenosine and its analogs on pig cerebral arteries is not yia a

single subtype of adenosine receptor, but is a more complicated picture, with the

possible involvement of other unidentified receptor subtypes (McBean et al, 19S8).

Currently however, specific ligand binding methods have been demonstrated the

existence of Az receptors in rat, pig, and human cerebral microvessels with a paucity

of Ar receptors in these vessels (Kalaria & Harik, I986a; 1988). In larger vessels that

have smooth muscle, such as pial vessels, A2 receptor stimulation and the resultant

increase in cyclic AMP levels most likely cause vascular smooth muscle relaxation

and decreased cerebrovascular resistance. It is also speculated that increased cyclic

AMP synthesis by brain capillaries, which constitute the blood brain barrier, may

alter the barrier transport of a variety of micro- and macromoiecules (Kalaria &

Harik, 1988). A higher maximum binding of nucleoside transporter ligand in rat, pig,

and human brain microvessels than in membranes of the cerebral cortex has been

demonstrated (I{alaria & Harik, 1986b; 1988). This is consistent with the relativeiy

high permeability of the blood brain bar¡ier to adenosine (Cornford & Oidendorf,

1975; Kalaria & Harik, 1986b). However, brain microvessels have considerable

activities of adenosine deaminase, and other enzymes that are capable of
metabolizing adenosine and that presumably constitute a "biochemical blood brain

barrier" by preventing the free transport of adenosine from blood to brain (Kalaria

& Harik, 1988). It is speculated that the prime function of the blood brain barrier

nucleoside transporter is the rapid removal of adenosine from the brain exhacellula¡

space after its massive release during certain pathological conditions, such as hypoxia

and ischemia (Kalaria & Harik, 1988). Prevention of such removal by nucleoside
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transport inhibitors, such as dipyridamole, potentiates the effect of adenosine at its

receptors in neuronal, glial, and vessel membranes (Berne et al, 1983; Phillis et al,

1984). After hypoxia, the production of adenosine is shut off and that produced

during hypoxia is taken up into brain synaptosomes (Phillis & 'Wu, L982) or

microvessels (rð/u & Phillis, L982)-'V/e propose that only after this decrease in

adenosine levels do vasoconstrictors produced during either hypoxia/reoxygenation

or ischemia/reperfusion cause vasospasm in the cerebral arteries.

Cerebral vasospasm after ischemia, hypoxia, and subarachnoid hemomhage has

been reported both experimentally and clinically (Fisher, 1980; Todd et al, 1986). A

long-lasting impairment of vascula¡ responses after restoration of normoxia (Ong et

al, 1987) and a failure to resume cerebral perfusion after ischemia ("low flow" or "no

reflow" phenomenon) (Ames et al, 1968; Fisher et al, 1979) have also been observed.

These phenomena ate of clinical importance because they impede normal cerebral

blood flow and frequently cause delayed neurological defïcits. Despite considerable

research, the mechanisms of anoxic-ischemic brain injuries remain unsolved. Several

substances have been proposed to cause this phenomenon, e.g., K* , CuZ 
* 

(Hayashi

& Todd, 1977), serotonin (Allen et al, 1976), and prostaglandins (Piper et al, 1983),

but none of them have been proven to be responsible for the

hypoxia/ischemia-induced impairment of cerebral blood flow. Recently, vascular

tissues, including cerebral arteries, have been shown to produce 5-lipoxygenase

products in addition to cyclooxygenase products (Piper et al, 1983; Moskowitz et al,

1984; Piomelli et al, 1987; $/ittrnann et al, 1987). Some investigators suggest that

increased production of S-lipoxygenase products or leukotrienes, which are

vasoconstrictive, may play a role in the constriction during some pathological

conditions, such as hypoxialreoxygenation, ischemia/reperfusion, subarachnoid

hemorrhage, and brain trauma (Nakamura et al, 1984; Moskowitz et aI, 1984; Kiwak

et al, 1985; Paoletti et al, 1988; Ban et al, 1989; Yokota et al, 1989). In the present

study, we have observed a delayed pial arteriolar vasospasm (as evidenced by a

reduction in arterioiar diameter) at 60 and 120 minutes after the hypoxic episode,

when biood pressure, heart rate, and blood gases return to prehypoxic levels. This

posthypoxic vasoconshiction is not time dependent, nor is it due to changes in blood

gases. Rather, it is induced by the hypoxia. Previous studies have demonshated that
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after hypoxia, the ability of pial vessels to corstrict during hypertension and to dilate

during hypotension is impaired (Tweed et al, 1986; Ong et al, 1987). The pial vessel

diameter either does not change or shows small passive changes in response to mean

arterial blood pressure changes. In our studies after reoxygenation, any changes in

a¡teriolar diameter a¡e due to factors produced locally during hypoxia, because blood

pressure resutnes to control levels after hypoxic episode (Tabie \IID. In the previous

experiments, it has been shown that a brief period of hypoxia for 30 s is sufficient to

impair autoregulation in rat pial arterioles (Kettler et al, 1989) and this impairment

lasts 7 hours (Tweed et al, 1986). The explanation for the loss of responsiveness

during hypoxia, which is due to a reduction in energy metabolism due to the lack of

oxygen for the completion of electron transport in the mitochondria (Namm &. Zttck,

1973), can not explain the persistence of the impairment after the return to

normoxia. Sodium-potassium pump may be affected during hypoxia (Detar, 1980)

and pretreatment of the vessels with ouabain prevents the loss of autoregulatory

behaviour 30 minutes after hypoxia (Kettler et al, 1989), indicating that Na-K

ATPase is involved in loss of responsiveness of pial arterioles after reoxygenation.

Hypoxia-induced delayed vasoconstriction can be prevented by leukotriene

antagonist, L-660,711, applied locally through the window, suggesting that

leukotrienes may be involved in causing posthypoxic vasoconstriction. The

production of either leukotrienes or free fatty acids (precursors of leukotrienes) has

been reported to be increased by ischemia/delayed cerebral vasospâsm (Kiwak et al,

1985; Yokota et al, 1989) and hypoxia (Gardiner et al, 1981). However, because of

the wide distribution of y-glutamyl transpeptidase (Meister & Anderson, 1983),

which converts leukotriene C+ to D4, and the lack of higtrly specific antagonists for

leukotriene C+ alone, it is difficult to distinguish whether the antagonism observed

with L-660,711 is against leukotriene D+perse or against leukotriene C+ converted to

D+. In addition, the receptors for leukotrienes C+ and D+ are not completely specific

(Crooke et al, 1988), i.e., leukotriene Cq can interact with D+ receptors and vice

versa. Because all kinds of leukotrienes are vasoactive in cerebral arteries @eckett &

Boullin, 1981; Rosenblum, 1985; Mayhan et al, 198ó; Busija et al, 1986) and

L-660,7I1 is not an absolute leukotriene D4 receptor antagonist, the effect of other

lipoxygenase metabolites cannot be completely excluded. ,
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The persistent conskicting effect of leukotrienes is also demonskated in ow in
vivo experiments. Leukotrienes C+ and D+ cause dose-dependent dec¡eases in
arteriolar diameter (Figure 30), which persist for l2O min after washing out,

76.0+ 3.8% and 93.8+ 1.8% of the control, respectively. The average of these

decreases in a¡teriolar diameter is comparable with that 120 min after hypoxia

(84.5+ 5.9% of the control), making leukotrienes the likely mediators in delayed

vasoconskictors after hypoxia although the concentrations of leukokienes during and

after hypoxia are not assayed. In addition, the formation of prostacyclin in the canine

cerebral arteries is significantly reduced during delayed cerebral vasospasm (Sakadi

et al, 1981; Maeda et al, 1981), and leukocytes, mast cells, and macrophages, all of

which generate leukotrienes (Hammarstrom & Samuelsson, 1980; Shimizu et al,

1986), are found to infiltrate the wall of cerebral arteries after subarachnoid

hemorrhage (Liszczak et al, 1983) and ischemia/reperfusion (Saito et al, 1988). On

the other hand, AA-861, a selective 5-lipoxygenase inhibitor, significantly reduces

experimental delayed vasospasm and improves the reactivity of the arteries in dogs,

therefore suggesting that leukotrienes might be important etiologic factors

responsible for the development of delayed vasospasm caused by cerebral vascular

disorders, such as subarachnoid hemorrhage (Yokota et al, 1987; 1989) and probably

hypoxia too. Ischemia has been shown to decrease the arachidonic acid metabolism

via prostaglandin endoperoxide synthase in newborn pigs (Leffler et al, 1990).

Although it is not reported that if lipoxygenase is affected, it is likely that when one

pathway of arachidonic acid metabolism is inhibited, arachidonic acid will be shunted

into the other with increased production of lipoxygenase metabolites (Katusic &

Vanhoutte, 1986), unless the release of free arachidonic acid is inhibited as well

(Leffler et al, 1990). There is no literature on the effect of hypoxia on both

cyclooxygenase and lipoxygenase activity, but current evidence favors the role of

leukotrienes in the delayed vasospasm induced by hypoxia, ischemia, or

subarachnoid hemorrhage. However, it is not without controversies. A recent study

shows that in rats within 15 minutes of midcerebral artery occlusion, cyclooxygenase

metabolite production began to increase and meclofenamate, a nonstetoidal

antiinflammatory drug, prior to ischemia significantly reduces cyclooxygenase

148



metabolite production, whereas lipoxygenase metabolites does not increase by

midcerebral artery occlusion @ucci et al, 1990).

The antagonistic effects between adenosine and leukotrienes have been

demonstrated in the isolated artery. Therefore, during hypoxia, the release of a

substantial amount of adenosine antagonizes the constricting effect of leukotrienes,

causing a vasodilation, which is antagonized by the topical treatment of
8-phenyltheophylline. After hypoxia, the persistence of the constrictor influence of

leukotrienes and other possible vasoconstrictors, together with the rapid clearance of

adenosine from the vincinity of cerebral arterioles, may result in the observed

vasospasm even though the overall hemodynamic condition of the animal returns to

control levels. This delayed vasospasm may be the reason for the impaired cerebral

blood flow after hypoxia/reoxygenation, ischemia/reperfusion, or subarachnoid

hemorrhage. Further studies have shown that local leukotriene antagonist

(L-660,711) treatment not only prevents the vasoconstriction after hypoxic episode,

but also inhibits the vasoconstriction during hypoxia in the presence of

8-phenyltheophylline in a dose-dependent manner (Figure 33), therefore supporting

the idea that after adenosine is blocked, the effects of other vasoconstrictors, e.g.,

leukotrienes, come into play during hypoxia. This decrease in diameter during in vivo

hypoxia after adenosine blockade is demonstrated in the isolated canine basilar

artery as it contracts in response to hypoxia because of the absence of adenosine.

Simultaneous application of both 8-phenyltheophylline and L-660,7I1 prevents any

alterations in the rat arteriolar diameter induced by hypoxia, either during hypoxia or

60, 120 min afterwards.

In summary, adenosine produced during hypoxia dilates the arterioles resulting in

the increase in arteriolar diameter during hypoxia. After hypoxia when adenosine is

taken up by cells or washed away by blood flow, or after adenosine receptor is

blocked, leukotrienes produced during hypoxia then cause a delayed and sustained

contraction of arterioles, which might result in impaired cerebral blood flow.

The clinical significane of our study is that leukotrienes, the potent cerebral

vasoconstrictor, are involved in cerebral vasospasm under some pathological

conditions, (e.g., hypoxia and ischemia) which may lead to derangement of cerebral
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blood flow resulting in neurological dysfunction even after the event. If we can

prevent this vasoconskiction with effective leukotriene antagonists before, during, or

after it takes place, a decreased morbidify and mortality from these cerebral vascula¡

disorders can be expected.

150



REFERENCES

Aal\iaer C (1990) Regulation of intracellulat pH and its ¡ole in vascular smooth muscle function. J

Hyperten 8: 197-2O6

Aalkjaer C, Cragoe EJ (1988) Intracellula¡ pH regulation in resting and contracting segments of rat

mesenteric resistance vessels. J Physiol (Lond)402: 39L-4I0

Aaronson PI, Benham CD, Bolton TB, Hess P, Lang RJ, Tsien RV/ (1986) Two types of single-channel

and whole-cell calcium or barium currents in single smooth muscle cells of rabbit ear artery and the

effects of norad¡enaline. J Physiol (Lond) 377:36P

Aa¡onson PI, van Breemen C (1931) Effects of sodium gmdient manipulation upon cellular 45Cu flrl*

and cellula¡ sodium in the guinea-pig taenia coli. J Physiol (Lond) 3I9: 443-46L

Abboud FM (1981) Special characteristics of the cerebral ci¡culation. Fed Proc 40 2296-2300

Ahmed T, Oliver W Jr (1983) Does slow reacting substance of anaphylaxis mediate hypoxic pulmonary

vasoconstriction? Am Rev Respir Dß I27: 566-57I

d'Alarcao M, Corey EJ, Cunard C, Ramwell P, Uotila P, Vargas R, 'Wroblewska B (1987) The

vasodilatation induced by hydroperoxy metabolites of a¡achidonic acid in the rat mesenteric and

pulmonary circulation. Br J Phatmacol 9l:-627-632

Alberts B, Bray D, Lewis J, Raff M, Roberts K, lVatson JD (1989) The cytoskeleton. in Molecula¡

Biology of the Cell (2 ed.). Garland Publishing Inc. pp6I3-677

Allen GS, Gross CJ, French LA, Chou SN (1976) Cerebral arterial spasm, part 5: in vitro contractile

activity of vasoactive agents including human CSF on human basila¡ and anterior cerebral arteries.

J Neurosutg 44:-594-600

Ames A III, Wright RL, Kowada MD (1968) Cerebral ischemia. tr. The no-flow phenomenon. Am J

Pathol 52:437-448

Amezcua J-L, Palmer RNJ, de Souaz BM, Moncada S (1989) Nitric oxide synthesized from L-arginine

regulates vascula¡ tone in the corona¡y circulation of the rabbit. Br J Pharmacol 97'. III9-1124

Andersson R (1973) Role of cyclic AMP and Ca2 
* 

in mechanical and metabolic events in isometrically

contracting vascula¡ smooth muscle. Acta Physiol Scand 87: 84-95

Angus JA, Campbell GR, Cock TM, Manderson JA (1983) Vasodilatation by acetylcholine is

endothelium-dependent: A srudy by sonomicrometry in canine femoral afiery in vivo. J Physiol

(Lond) 344:209-222

Anwer M, Kissen I, Weiss HR (1990) Effect of chemodeneryation on the cerebral vascula¡ and

microvascular response to hypoxia. Cir Res 67: L365-1373

151



Americ SP, Honig lvfA, Milner TA Greco S, Iadecola C, Reis DJ (1988) Neuronal and endothelial sites

of acetylcholine synthesis and release associated with microvessels in rat cerebral cortex:

Ultrastructuml and neurochemical studies. Brain Res 454: lI-30

Ashwal S, Majcher JS, Vain H, Longo L (1980) Patterns fo fetal sheep regional cerebral blood flow

during and after prolonged hypoxia. Pediatr Res 14: 1104-1110

Astrup J, Heuser D, Lassen NA, Nilsson B, Norberg K, Siesjo BK (1978) Evidence against H* and K*
as main factors for the control of cerebral blood flow: a microelectrode study. In: CerebralVascular

Smooth Muscle and its Contol. Ciba Found. Symp. 56: 313-337

Axel¡od J, Burch RM, Jelsema GMT (1988) Receptor-mediated activation of phospholipase Azvia

GTP-binding proteirrs: arachidonic acid and is metabolites as second mesengers. Trend Neu¡ol Sci

LI: LI7-123

Badesch DB, Orton EC, Zapp LM, Westcott JY, Hester J, Volkel NF, Stenmark KR (1989) Decreased

arterial wall prostaglandin production in neonatal calves with severe chronic pulmonary

hypertension. Am J Respir Cell Mol Biol 1: 489-498

Ban M, Tonai, T, Kohno T, Matsumoto K, Horie T, Tamamoto S, Moskowitzll;/.A, Levine L (1939) A

flavinoid inhibitor of 5-lipoxygenase inhibits leukotriene production following ischemia in getbil

brain. St¡oke 20: 248-252

Ba¡aban JM, Gould Rf, Petoutka SJ, Snyder SH (1985) Phorbol ester effects on neurotransmission:

Interaction with neurotransmitters and calcium in smooth muscle. Proc Natl Acad USA 82: 604-607

Baumbach GL, Heistad DD (1983) Effects of sympathetic stimulation and changes in a¡terial pressure

on segmental resistance of cerebral vessels in rabbits and cats. Ci¡ Res 52: 527-533

Baumbach GL, Heistad DD (1988) Cerebral circulation in ch¡onic arterial hypertension. Hypertension

12:89-95

Beauchamp C, Fridovich I (1971) Superoxide dismutase: lmproved usage applicable to acrylamide gels.

Ann Bilchem 44:276-287

Beckett J, Boullin DJ (i981) Effect of leukotrienes on rat a¡teries invivo. JPhysiol 32O:94P

Beech DJ, Bolton TB (1989) Two components of potassium curent activated by depolarization of

single smooth muscle cells from the rabbit portal vein. J Physiol (Lond) 418: 293-309

Benham CD, Bolton TB, Lang RI, Takewaki T (1984) Calcium-dependent K* channels in dispersed

intestinal and arterial smooth muscle cells of guinea-pigs and rabbits studied by the patch-clamp

technique. J Physiol (Lond) 350: 5iP

152



Benham CD, Bolton TB, Lang RI, Takewaki T (1986) Calcium-activated potassium cha¡urels in single

smooth muscle cells of rabbit jejunum and guinea-pig mesenteric artery. J Physiol (I-ond) 371:

45-67

Benham CD, Hess P, Tsien RW (1987) Two types of calcium cha¡rrels in single smooth muscle cells

from rabbit ear artery studied with whole-cell and single-channel recordings. Ci¡c Res 61(Suppl I):
10-16

Benham CD, Tsien RW (1987) A novel receptor-operated C] *-permeable 
cha¡rrel activated by ATp

in smooth muscle. Nature 328:.275-278

Beny JL, Brunet PC (1988) Neither nitric oxide nor nitroglycerin accounts for all the characterisrics of

endothelially mediated vasodilatation of pig coronary arteries. Blood Vessels 25: 308-311

Berbinschi A, Ketelslegers JM (1989) Endothelin in urine. Latrcet 2: 46

Berk BC, A¡onow MS, Brock TA, Cragoe E (L987) Angiotesin ll-stimulated Na* 7H* exchange in

cultured vascular smooth muscle cells. J Biol Chem 262: 5057-5064

Bem RM, l,evy MN (1986) Ca¡diovascular Physiology, ed5. St. Louis, CV Mosby Co

Beme RM, Rall TV/, Rubio R (1983) Blood flow regulation by adenosine in heart, brain, and skeletal

muscle. In:. Regulntory Function of Adenosine. Boston, Martinus Nijhoff, pp 293-318

Bemtrnan L, Carlsson C, Siesjo BK (i978) Influence of propranolol on cerebral metabolism and blood

flow in the rat brain. Brain Res 151: 220-224

Beridge MJ (1986) Inositol trisphosphate and calcium mobilization. J Cardiovasc Pharmacol 8 (Suppl.

8): S85-S90

Berridge MJ (1989) Inositol trisphosphate, calcium, lithium, and cell signaling. J Am Med Assoc262:

1834-i841

Berridge MJ, Irvine RF (1984) Inositol ttiphosphate, a novel second messenger in cellular signal

tra¡sduction. Nature 312: 315-321

Bevan JA, Brayden fE Q987) Noradrenergic neural vasodilator mechanisms. Ci¡c Res 6O:. 3O9-326

Bevan JA, Joyce EH, V/ellman GC (1988) Flow-dependent dilation in a resistance artery still occurs

after endothelium removal. Ci¡ Res 63: 980-985

Bill A, Linder I (1976) Sympathetic control of cerebral blood flow in acute arterial hypertension. Acta

Physiol Scand 96: 1L4-121

Blumberg PM, Jaken S, Konig B, Sharkey NA, Leach KL, Jeng AY, Yeh E (1984) Mechanism of action

of the phorbol ester tumor promoterc: Specific receptors for lipophilic ligands. Biochem Pharmacol

33:933-940

153



Bohme KD, Bohme E, Kreye Vl/, Schultz G (1978) Effects of sodium nitroprusside and other smooth

muscle relaxants on cyclic GMP formation in smooth muscle and platelets. Adv Cyclic Nucleotide

Res9:131-143

Bolton TB (1979) Mechanisms of action of tra¡rsmitters and other substances on smooth muscle.

Physiol Rev 59: 606-718

Bolton TB, Clapp LH (1986) Endothelium-dependent telaxant actions of ca¡bachol and substance p in
arterial smooth muscle. Br J Pharmacol 87:713-723

Bolton TB, Lang Rf, Takewaki T (i9S4) Mechanisms of action of norad¡enaline and ca¡bachol on

smooth muscle of guinea-pig anterior mesenteric artery. J Physiol (Lond) 357: 549-572

Bolton TB, Lang RI, Takewaki T, Benham C (1985) Patch and whole-cell voltage clamp of single

mammalian visceral and vascular smooth muscle cells Experintia 4l: 887-894

Bond M, IKitazawa T, Somlyo AP, Somlyo AV (1984) Release and recycling of calcium by the

sarcoplasmic reticulum in guinea-pig portal vein smooth muscle. J Physiol (Lond) 355: 677-695

Bose D, Suzuki S, Sugi H (1983) Cellula¡ Ca redistribution and relaxation in sodium loaded smooth

muscle (abstact). Fed Proc 42: I35

Borgeat P, Samuelsson B (1979) Metabolism of arachidonic acid in polymorphonuclea¡ leukocytes. J

Biol Chem 25 4: 7 865-7 869

Borgstrom L, Joharursson H, Siesjo BK (1975) The relationship between arterial PO2 and cerebral

blood flow in hypoxic hypoxia. Acta Physiol Scand 93: 423-432

Bowton DL, Haddon WS, Prough DS, Adair N, Alford PT, Srump DA (1988) Theophylline effecr on

the cerebral blood flow response to hypoxemia. Chest 94:371-375

Bradbury L MW.B, Cserr HF, V/estrop RI (1981) Drainage of cerebral interstitial fluid into deep

cervical lymph of rabbits. Am J Physiol240: F329-F336

Bradley AB, Morgan KG (1987) Alterations in cytoplasmic calcium sensitivity during porcine coronary

conttactions as detected by aequorin. J Physiol (Lond) 385:437-448

Brandt DR, Ross EM (1986) Catecholamine-stimulated GTPase cycle: multiple sites of regulation by

B-adrenergic receptor and Mg2 
* 

srudied in reconstituted receptor-G5 vesicles. J Biol Chem 261:

1656-16&

Brayden JE (1990a) Membrane hyperpolarization is a mechanism of endothelium-dependent cerebral

vasodilation. Am J Physiol259: }J668-H673

Brayden JE (1990b) Endothelium-dependent hyperpolarization of resistance arteries: Distribution and

mechanism of action. FASEB J 4: 41080

154



Brayden JE, Large wA (1986) Electtophysiological arralysis of neurogenic vasodilation ín the isolated

lingual artery of the rabbit. Br J Pharmacol 89: 163-171

Brayden JE, Quayle JM, Standen NB, Nelson MT (1991) Role of potassium channels in the vascula¡

resPonse to endogenous and pharmacological vasodilators. Blood Vessels 28: 147-153

Brayden JE, Wellman GC (1989) Endothelium-dependent dilation of feline cerebral arreries: Role of
membrane potential and cyclic nucleotides. J Cereb Blood Flow Metab 9:956-963

van Breemen C (L977) Calcium requirement fo¡ activation of intact aortic smooth muscle. J physiol

(Lond) 27:317-329

van Breemen C, Saida K, Yamamoto H, Hwang K, Twort C (1988) Vascular smooth muscle

sarcoplasmic reticulum, function and mechanisms of Ca2 
* 

release. Ann IfY Acad Sci 522: 60-73

Brehm P, Eckert R (1978) Calcium entry leads to inactivation of calcium char¡¡rel in paramecium.

Science202: 1203-1206

Bremel RD (1974) Myosin linked calcium regulation in vertebrate smooth muscle. Nature 252. 4O5-4O7

Brocklehurst ÌVE (1960) The release of histamine and formation of a slow-reacting substance (SRS-A)

during anaphylactic shock. J Physiol LSL: 4L6-435

Brown AM, Birnbaumer L (1988) Direct G protein gating of ion charrnels. Am J Physiol 254:

H401-H410

Bucci MN, Black KL, Hoff JT (1990) A¡achidonic acid metabolite production following focal cerebral

ischemia: time course and effect of meclofenamate. Surg Neurol 33: 12-14

Bulbring E, Tomita T (1987) Catecholamine action on smooth muscle. Pharmcol Rev 39: 49-96

Busija DW, Heistad DD (1983) Effects of indomethacin on cerebral blood flow during hypercapnia in

cats. Am J Physiol 244:H5I9-H524

Busija DW, Heistad DD (1984) Factors involved in the physiological regulation of the cerebral

circulation. Rev Physiol Biochem Pharmacol 101: 161-211

Busija DW, Leffler CW, Beasley DG (1986) Effects of leukotrienes C¿, D4 and E¿ on cerebral a¡teries

of newbom pigs. Pediatr Ptes 20:973-9'76

Busse R, Forstetmann U, Matsuda H, Pohl U (1984) The role of prostaglandins irr the

endothelium-mediated vasodilatory response to hypoxia. Pflugers Arch 4OI: 77-83

Busse R, Mulsch A (1990) Calcium-dependent nitric oxide synthesis in endothelial cytosol is mediated

by calmodulin. FEBS Lett265: 133-136

Busse R, Pohl U, Kellner C, Klemm U (1983) Endothelial cells are involved in the vasodilatory

tesponse to hypoxia. Pflugers Arch 397: 78-80

155



Busse R, Trogisch G, Bassenge E (1985) The role of endothelium in the control of vascular tone. Basic

Res Ca¡diol 80:475-49O

Camp RDR, Coutts AA, Greaves M'W, Kay AIl, Walport MJ (1983) Response of human skin to

intradermal injection of leukotrienes C4, D4, and B¿. Br J pha¡mac ol gO 497_502

Campbell MD, Deth RC, Payne RA, I{neyman T.W (1985) Phosphoinositide hydrolysis is correlated

with agonist-induced calcium flux and contraction in the rabbit aorta. Eur J pharmacol 116:

t29-136

Carpenter MB (1978) Core text of neuroanatomy. Williams and Wilkins, Baltimore, pp3I7-34O

Ca¡rier O Jr, Walker JR, Guyton AC (1964) Role of oxygen in autoregulation of blood flow in isolated

vessels. Am J Physiol 206:951-954

Castagna M, Takai Y, Kaibuchi K, Sano K, Kikkawa U, Nishizuka Y (1982) Direct activation of

calcium-activated, phospholipid-dependent protein kinase by tumor-promoting phorbol esters. J

Biol Chem 257 : 7 847 -7 851

Casteels R (1981) Membrane potential in smooth muscle cells. In: Bulbring E, Brading AF, Jones AW,

Tomita T. eds. Smoothe muscle: and assessment of current knowledge. London: Arnold, pp 105- 126

Chang AE, Detar (1980) Oxygen and vascular smooth muscle contraction revisited.Am J Physiol 238:

H7t6-H728

Chen G, Suzuki H (1989) Some electrical properties of the endothelium-dependent hyperpolarization

recorded from rat arterial smooth muscle cells. J Physiol (Lond) 410: 91-106

Chen G, Suzuki H, 'Weston AH (1988) Acetylcholine releases endothelium-derived hyperpolarizing

factor and EDRF from rat blood vessels. Br J Pharmacol 95: LI6S-LL74

Cherry PD, Furchgott RF, Zawadzki JV (1981) The indirect mature of bradykinin and

octacholecystokinin (abstract). Fed Proc 42: 6L9

Cherry PD, Furchgott RF, Zawadzki JV (1933) The endothelium-dependent relaxation of vascula¡

smooth muscle by ursaturated fatty acids (abstract). Fed Proc 42: 619

Cherry PD, Furchgott RF, Zawadzki JV, Jothianandan D (1982) The role of endothelial cells in the

relaxation of isolated a¡teries by bradykinin. Proc Natl Acad Sci USA 79: 2106-2110

Chisholm AAK, Cohen P (1988) The myosin-bound form of protein phosphatase I (PP-lM) is the

enzyme that dephosphorylates native myosin in skeletal a¡d ca¡diac muscle. Biochim Biophys Acta

971:163-169

Chu A, Cobb FR (1987) Vasoactive effects of serotonin on proximal coronary a¡teries in awake dogs.

Circ Res 6I (Suppl. tr): II81-iI87

156



Coburn RF, Eppinger R, Scott DP (1986) Oxygen-dependent tension in vascular smooth muscle. Does

endothelium play a role? Ci¡ Res 58:341-347

Cohen P (1989) The structure and regulation of protein phosphatases. An¡ru Rev Biochem 5g: 453-50g

Cohen RA, Shepherd JT, Va¡houtte PM (1983) Inhibitory role of the endothelium in rhe response of
isolated coronary arteries to platelets. Science 22L:273-274

Conti MA, Adelstein RS (1981) The relationship berween calmodulin binding and phosphorylation of
smooth muscle myosin kinase by the catalytic subunit of 3':5' cAMP-dependent protein kinase. J

Biol Chem 256: 3 i78-3 181

Cornford EM, Oldendorf WH (1975) Independent blood-brain banier tra¡sport systerns for nucleic

acid precursors. Biochim Biophys Acta 394: 2I2-2L9

Cmwford DG, Fai¡child HM, Guyton AC (1959) Oxygen lack as a possible cause of reactive hyperemia.

Am J Physiol 197:6L3-616

Criscione L, Thomarrr H, Rodriguez C, Chiesi M (1989) Blockade of endothelin-induced conûactions

by dichlorobenzamil: michanism of action. Biochem Biophys Res Commun L63:247-254

Crooke ST, Mong S, Sarau HM, Winkler ID, Vegesna VK (1988) Mechanisms of regulation of

recePtors and signal tra¡rsduction pathways for the peptidyl leukotrienes. Arlrr l.IY Acad Sci 524:

153-161

Cushing H (1903) The blood-pressure reaction of acute cerebral compression, illustrated by cases of

intracranial hemorrhage. Am J Med Sci 125: IOIT-IO45

Daly fW, Butts-Lamb P, Padgett V/ (1983) Subclasses of adenosine receptors in the central neryous

system: interaction with caffeine and related methylxanthines. Cell Mol Neurobiol 3: 69-80

Daut J, Maier-Rudolph W, von Beckerath N, Mehrke G, Gunther K, Goedel-Meinen L (1990) Hypoxic

dilation of coronary arteries is mediated by ATP-sensitive potassium channels. Science 247:

L341-1344

De La Torre JC, Mullen S (1971) Experimental evaluation of L-dopa penetration in brai¡. Trans A.m

Neurol Assoc 96: 227-229

De Mey JG, Vanhoutte PM (1981) Role of the intima in cholinergic and purinergic relaxation of

isolated canine femoral arteries. J Physiol (Lond) 316:347-355

De Mey JG, Vanhoutte PM (1982) Heterogeneous behavior of the canine a¡terial *¿ vs¡e¡s well:

importance of the endothelium. Circ Res 51: 439-447

De Mey JG, Vanhoutte PM (1983) Anoxia and endothelium-dependent reactivity of the canine femoral

artery. J Physiol (Lond) 335: 65-74

r57



DeFeo TT, Morgan KG (1985) Calcium-force telatiorships as detected with aequorin in two different

vascular smooth muscles of the ferret. J Physiol (Lond) 369.269-282

DeFeo TT, Morgan KG (1989) Calcium-force coupling mechanisms during vasodilator-induced

relaxation of fenet aorta. J Physiol (Lond) 412 123-L33

DeNucci G, Thomas R, D'Orleans-Juste P, Antunes E, Walder C, Wamer TD, Vane JR (198g) pressor

effects of circulating endothelin a¡e limited by its removal in the pulmonary ci¡culation and by the

release of prostacyclin and endothelium-derived relaxing factor. Proc Natl Acad Sci USA 85:

9797-9800

DeRiemer SA, Strong JA, Albert KA, Greengard P, Kaczmarek LK (i985) Enhancement of calcium

current in Aplysia neurons by phorbol ester and protein kinase C. Nature 3L3: 313-3L6

Derrer SA, Sieber FE, Saudek CD, Koehler RC, Traystman zu (1990) Cerebrovascula¡ and metabolic

responses to hypoxia during hypoglycemia in dogs. Am J Physiol 258: H400-H407

Detar R (1980) Mechanism of physiological hypoxia-induced depression of vascula¡ smooth muscle

contraction. Am J Physiol 238: H76I-H769

Detar R, Boh¡ DF (1968) Oxygen and vascular smooth muscle contraction. Am J Physiol 2L4: 241-243

Dora E (1986) Effect of theoptrlline t¡eatment on the ñ.nctional hyperaemic and hypoxic responses of

cerebrocortical microcirculation. Acta Physiol Hung 68: L83-197

Dora E, Koller A, Kovach AGB (1980) Effect of topical adenosine deaminase tfeatment on the

functional hyperemic and hypoxic resporìses of cerebrocortical microcirculation. J Cereb Blood

Flow Metab 4:447-457

Dora E, Koller A, Kovach AGB (1984) Effect of topical adenosine deaminase treatment on the

functional hyperemic and hypoxc respoßes of cerebrocortical microcirculation. J Cereb Blood

FIow Metab 4: 447-457

Dora E, Welsh FA, Tanaka K, Reivich M (1985) Enetgy metabolism and regulation of cerebral blood

flow. J Cereb Blood Flow Metab 5 (Suppl I):479-48O

Dragunow M (1986) Adenosine: the brain's nafural anticonvulsant? Trends Pharmacol Sci 7: 128-130

Duling BR, Kuschinslry V/, Wahl M (1979) Measurements of the perivascular POz in the vincinity of the

pial vessels of the cat. Pflugers A¡ch383:29-34

Dzau VJ (1988) Circulating versus local renin-angiotensin system in ca¡diovasculau homeostasis.

Circulation 77: Í4-113

Edvinsson L (1975) Neurogenic mechanisms in the cerebrovascular bed. Acta Physiol Scand Suppl 427:

r-35

158



Edvirrsson L (L982) Vascular autonomic nerves and corresponding receptors in brain vessels. pathol

Biol (Paris) 3O: 261-268

Edvi¡lsson L (1983) Sympathetic control of cerebral circulation. Trends Neu¡osci 5: 55-57

Edvi¡sson L (1985) Functional role of perivascular peptides in the control of cerebral ci¡culation.

Trends Neurosci 8: I26-L3I

Edvinsson L, Delgaard-zygmunt T, Ekrnan R, Jansen I, svendgaard N-Aa, uddman R (1990)

Involvement of perivascular sensory fibers in the pathophysiology of cerebral vasospasm following

subarachnoid hemorrhage. J Cereb Blood Flow Metab l0: 602-607

Edvinsson L, Elanan R, Jansen I, McCulloch J, Mortensen A, Uddman R (f991) Reduced levels of

calcitonin gene-related peptide-like immunoreactivity in human vessels after subarachnoid

hemorrhage. Neurosci T-,ett I2I:. 151-154

Edvinsson L, MacKenzie ET (1977) Amine mechanism in the cerebral ci¡culation. Pharmacol Rev 28:

275-348

Edvinsson L, McCulloch J (1987) Peptidergic Mechanisms in the Cerebral Circulation. Chichester,

England, Ellis Horwood

Edvinsson L, McCulloch J, Kingman TA, Uddman R (1986) On the functional role of the

trigeminocerebrovascular system in the tegulation of cerebral circulation; in Owman C, Hardebo

JE (eds): Neural Regulation of Brain Circulation. Amsterdam, Elservier, pp407-4L8

Edvinsson L, Owman C (L974) Pharmacologic cha¡acterization of adrenergic ø and B receptors

mediating vasomotor response of cetebral arteries invitro. Circ Res 35: 835-849

Eggermont JA, Vrolix M, Vy'uytack F, Raeymaekers L, Casteels R (1988) The (Ca2 
*-MrE' *¡-ATPur",

of the plasma membrane and of the endoplasmic reticulum in smooth muscle cells and their

tegulation. J Cardiovasc Pharmacol f2 (Suppl.S): S51-S55

Eglen RM, Michel AD, Sharif NA, Swank SR, Whiting RL (1989) The pharmacological properties of

the peptide, endothelin. Br J Pharmacol 97: 1297-1307

Ehrlich BE, 'Waters J (1988) Inositol 1,4,5-trisphosphate activates a channel from smooth muscle

sarcoplasmic reticulum. Nature 336: 583-586

Elanehag BL, Hellstrand P (1989) Shortening velocity, myosin light chain phosphorylation and Ca2+

dependence of force during metabolic inhibition in smooth muscle of rat portal vein. Acta Physiol

Scand 136: 367-376

Eldor A, Voldavsþ I, Hy-Am E, Atzmon R, Vy'edsler BB, Raz A, Fuks Z (1983) Culrured endothelial

cells increase their capacity to synthesize prostacyclin following the formation of contact inhibited

cell monolayer. J Cell Physiol IL4: 179-183

159



Elliott DA (1989) Role of endothelium, Iipoxygenase products and membrane depolarizing factors in
hypoxic contraction of the canine isolated basilar artery. M.Sc. Thesis, University of Manitoba.

Elliott DA, Gu M, Ong BY, Bose D (1991) Inhibition of the acetylcholine-induced relaxation of canine

isolated basilar artery by potassium-conductance blockers. Can J Physiol Pharmacol 69: 7g6-j9|

Elliott DA, Ong BY, Bruni JE, Bose D (1989) Role of endothelium in hypoxic contraction of canine

basila¡ artery. Br J Pharmacol 96:949-955

Ellis EF (1990) Initiation of icosanoid and free radical formation following brain injury: The role of the

kallekrein kinin system, in Bazan NG (ed.): Lipid Mediators in Ischemic Brain Damage and

Epilepsy. New Trends in Lipid Mediators Research. Basal S, Karger AG ppf29-145

Ellis EF, Adesuyi SA, Cockrell CS, Gamache DA (1984) Lipoxygenase products of arachidonic acid

metabolism in mouse brain (abstract). Fed Proc 43:756

Erne P, Hermsmeyer K (1988) Intracellular Ca2 
* 

release in vascular muscle cells by caffeine,

ryanodine, norepinephrine, arid neuropeptide Y. J Cardiovasc Pharmacol l2(Suppl. 5): S85-S91

Emsting J (1963) The effect of brief hypoxia upon the arterial and venous oxygen tensions in man. J

Physiol (Lond) 169: 292-3LI

Faraci FM, Heistad DD (1990) Regulation of large cerebral arteries and cerebral microvascular

pressure. Cir Res 66: 8-I7

Faraci FM, Mayhan WG, Schmid PG, Heistad DD (1988) Effects of arginine vasopressin on cerebral

microvascular pressure. Am J Physiol 255: H70-H76

Fay FW (1971) Guinea pig ducrus arteriosus. I. Cellular and metabolic basis for oxygen sensitivity. Am J

Physiol22l: 470-4'79

Feigen LP (1983) Differential effects of leukotrienes C4, D4 and E¿ in the canine renal and mesenteric

vascular beds. J Pharmacol Exp Ther 225:682-687

Feldberg W, Kellaway CH (1938) Liberation of histamine and formation of lysocithin-like substances by

cobra venom. J Physiol 94: 187-226

Feletou M, Vanhoutte PM (1987) Relaxation of canine coronary artery to electrical stimulation:

Limited role of free radicals. Am J Physiol 253: H884-H889

Feletou M, Vanhoutte PM (1988) Endothelium-dependent hyperpolarization of canine coronary

smooth muscle. Br J Pharmacol 93: 515-524

Ferguson KM, Higashijima T, Smigel MD, et al. (1986) The influence of bound GDP on the kinetics of

guanine nucleotide binding to G proteins. J Biol Chem 261: 7393-7399

160



Ferry DR, Goll A, Glossmann H (1983) Putative calcium channel molecular weight determination by

target size analysis. Naunyn-Schmiedebergs A¡ch Pharmacol 323: Z9Z-297

Findlay I, Dunne MJ, Petetson OH (1985) ATP-sensitive inward rectifier and voltage- and

calcium-activated K* channels in cultu¡ed pancreatic islet cells. J Membr Biol 88: 165-L:72

Fisher EG (1980) Aterations in cerebral blood flow immediately after brief periods of stasis. Adv Exp

MedBiol L3l:272-278

Fisher EG, Ames A II[, Lorenzo A (1979) Cerebral blood flow immediately following brief circulatory

stasis. Stroke LO: 423-427

Fleming WW (1980) The electrogenic Na+ , K* -pump in smooth muscle: physiological and

pharmacological significance. Annu Rev Pharmacol Toxicol 20: I29-L49

Florio V, Sternweis PC (1989) Mechanisms of muscarinic receptor action on G6 in reconstituted

phospholipid vesicles. J Biol Chem 264:3909-3915

Flower RI (1974) Drugs which inhibit prostaglandin biosynthesis. Pharmacol Rev 26: 33-6"1

Fog M (1937) Cerebral circulation: The teaction of pial arteries to a fall in blood pressure. Arch Neurol

Psychiat 37: 35L-364

Forbes HS (1928) Cerebral circulation. L Observation and measurement of pial vessels. Arch Neurol

Psychiat L9:749-761

Forsterma¡n U, Hertting G, Neufang B (1984) The importance of endogenous prostaglandins other

than prostacyclin, for the modulation of contractility of some rabbit blood vessels. Br J Pharmacol

8I:623-630

Forsterman¡r U, Mulsch A, Bohme E, Busse R (1986) Stimulation of soluble guanylate cyclase by an

acetylcholine-induced endothelium-derived factor from rabbit and canine a¡teries. Circ Res 58:

531-538

Forstermann U, Trogisch G, Busse R (1985) Species-dependent differences in the nature of

endothelium-derived vascular relaxing factor. Eur J Pharmacol LO6: 639-643

Fowler JC (1989) Adenosine antagonists delay hypoxia-induced depression of neuronal activity in

hippicampal brain slice. Brain Res 49O:-378-384

Fox PT, Raichle ME (1986) Focal physiological uncoupling of cerebral blood flow and oxidative

metabolism during somatosensory stimulation in human subjects. Proc Natl Acad Sci USA 83:

tI40-1t44

Frangos JA, Eskin G, Mclntire LV, Ives CL (1985) Flow effects on prostacyclin production by cultured

human endothelial cells. Science 227: 1477-1479

L6t



Freay AD, Johns A, van Breemen C, Rubanyi GM (1991) Pressure-induced depression of EDRF

release from canine ca¡otid arteries is prevented by K* -chan¡rel blockers in vascular endothelial

cells. Am J Physiol (in press)

Freeman J, Ingvar DH (1968) Elimination by hypoxia of cerebral blood flow autoregulation and EEG

relationship. Exp Brain Res 5: 61-71

Fretschner M, Endlich K, Gulbins E, Lang RE, Schlottmarur K, Stei¡hausen M (1991) Effects of

endothelin on the renal microciculation of the split hydtonephrotic rat kidney. Renal Physiol

Biochem L4: lL2-127

Friedman ME, Suarez-Kurtz G, Kaczorowki GJ,Katz GM, Reuben JP (1986) Two calcium curents in

a smootÏ muscle cell line. Am J Physiol 25O:H699-H7O3

Froehner SC (1988) New irrsights into the molecular structure of the dihydropyridine-sensitive calcium

chan¡rel. Ttends Neurosurg Sci 11: 90-92

Fukuda T, Ogurusu T, Furukawa K-I, Shigekawa M (1990) P¡otein kinase C-dependent

phosphorylation of sarcolemmal Ca2 
*-ATPase 

isolated from bovine aortic smooth muscle. J

Biochem IO8:629-634

Furchgott RF (1983) Role of the endothelium in responses of vascula¡ smooth muscle. Circ Res 53:

557-573

Furchgott RF (1984) The role of endothelium in the respoßes of vascula¡ smooth muscle to drugs. Ann

Rev Pharmacol Toxicol 24: 175-L97

Furchgott RF, Cherry PD, Zawadzki fV (1983) Endothelium dependent relaxation of arteries by

acetylcholine, bradykinin and other agents. In Vascular Neuroeffector Mechanisms: 4th

Intemational Symposium, ed. J. Bevan, et al, pp37-43. New York: Raven

Furchgott RF, Davidson D, Lin CI (L979) Conditions which determine whether musca¡inic agonists

contract or relax rabbit aortic rings and strips (abstract). Blood Vessels L6: 2L3-2I4

Furchgott RF, Vanhoutte PM (1989) Endothelium-derived relaxing and constricting factors. FASEB J

3:2007-2018

Furchgott RF, Zavradzki IV (1980) The obligatory role of endothelial cells in the relaxation of arterial

smooth muscle by acetylcholine. Nafure 288:373-316

Ganitkevich V Ya, Isenberg G (1990) Contribution of two types of calcium cha¡¡rels to membrane

conductance of single myocytes from guinea-pig coronary artery. J Physiol (Lond) 426: 19-42

Ga¡diner M, Nilsson B, Rehnctona S, Siesjo BK (1981) Free fatty acids in the rat brain in modetate and

severe hypoxia. J Neu¡ochem 36: 1500-1505

r62



Gardiner SM, Compton AM, Bennett T, Palmer RMJ, Moncada S (1990) Persistent haemodynamic

changes following prolonged infusions of NG-monomethyl-L-arginine (L-NMMA) in conscious

rats. In Moncada S, Higgs EA eds. NitricOxidefromL-arginine: abíoregulatorysystem. Amsterdam:

Elsevier, 489-491

Gardner JP, Diecke FPJ (1988) Influence of pH on isometric force development and relaxation in
skinned vascular smooth muscle. Pflugers Atch 412:23I-239

Garrett RC, Foster S, Thomas HM Itr (1987) Lipoxygenase and cyclooxygenase blokade by BV/755C

enhances pulmonary hypoxic vasoconst¡iction. J Appl Physiol 62: L29-L33

Gaskell WH (1880-1882) On the tonicity of the hea¡t and blood vessels. J Physiol (Lond) 3: 48-75

Gerstheimer FP, Muhleisen M, Nehring D, Kreye VAV/ (1987) A chloride-bicarbonate exchanging

anion ca¡rier in vascular smooth muscle of the rabbit. Pflugers Arch 409: 60-66

Gerthoffer WT (i986) Calcium dependence of myosin phosphorylation and airway smooth muscle

contraction and relaxation. Am J Physiol 250:- C597-C604

Ghersi-Egea J-F, Minn A, Siest G (1988) A new aspect of the protective functiors of the blood-brain

barrier: activities of four drug-metabolizing enzymes in isolated rat brain microvessels. Life

Sciences 42: 2515-2523

Gilbert RD, Pearce WJ, Ashwal S, Longo LD (i990) Effects of hypoxia on contractility of isolated fetai

lamb cerebral arteries. J Dev Physiol 13: L99-2O5

Gilman AG (1989) G protein and regulation of adenylyl cyclase. J Am Med Assoc 262: l8f9-1825

Gleason CA, Hamm C, Jones MD (1990) Effect of acute hypoxemia on brain blood flow and cerebral

blood volume after cerebral ischemia. J Cereb Blood Flow Metab 6: 338-341

Gleason MM, Flaim SF (1986) Photbol ester contracts rabbit thoracic aorta by increasing intracellular

calcium and by activating calcium influx. Biochem Biophys Res Comm L38: 1362-1369

Godfraind T, Morel N, rü/ibo M (1990) Modulation of the action of calcium antagonists in arteries.

Blood Vessels 27 : 184-196

Gorualez NC, Overman J, Maxwell JA (1972) Circulatory effect of moderately and severely increased

intracranial pressure in dog. J Neurosurg 36:72I-727

Goplerud JM, Wagerle LC, Delivorea-Papadopoulos M (1991) Sympathetic nerve modulation of

regional cerebral blood flow during asphyxia in newborn piglets. Am J Physiol 26O: H1575-H1580

Gordon JL, Martin W (1983) Endothelium-dependent relaxation of the pig aorta: Relationship to

stimulation of Rb effIux from isolated endothelial cells. Br J Pharmacol 79: 53I-54I

t63



Graga GJ, Adamski SYi (1987) Pattems of constriction produced by vasoactive agents. Fed proc 46:

270-275

Green IID, V/egria R (1942) Effects of asphyxia, anoxia, and myocardial ischemia on the coreonary

blood flow. Am J Physiol 135:271-28O

Grega GJ, Adarnski SW (1987) Pattems of vasoconstriction produced by vasoactive agents. Fed proc

46:27O-275

Griendling KK, Berk BC, Ganz P, Gimbrone MA, Alexander RV/ (1987) Angiotensin II stimulation of

vascula¡ smooth muscle phosphoinositide metabolism. Hypertension 9 (Suppl. trI): III181-trI185

Griffith TM, Edwards DH, Davies RL, Henderson AH (1989) The role of EDRF in flow distribution:

A microangiographic study of the rabbit isolated ear. Microvasc Res 37: L62-L77

Griffith TM, Edwards DH, Lewis MJ, Newby AC, Henderson AH (1984) The nature of
endothelium-derived vascular relaxant factor. Nature 3O8l. 645-647

Grote J, Siegel G, Zimmer K, Adler (1988) The interaction between oxygen and vascula¡ wall. Adv Exp

Med Biol 248:575-581

Grover AK, Kwan CY, Daniel EE (1983) High-affinity pH-dependent passive Ca binding by

myometrial plasma membrane vesicles. Am J Physiol 244: C6I-C67

Grover AK, Samson SE (1986) Pig coronary artery smooth muscle: substrate and pH dependence of

the two calcium pumps. Am J Physiol 251: C529-C534

Haddy FJ (1983) Potassium effects on contraction in arterial smooth muscle mediated by Na* ,

K* -ATPase. Fed Proc 42:239-245

Haeusler G (1978) Relationship between notadrenaline-induced depolarization and contraction in

vascular smooth muscle. Blood Vessels L5: 46-54

Haeusler G (1985) Contraction of vascularmuscle as related to membrane potential and calciumfluxes.

J Ca¡diovasc Pharmacol 7 (Suppl. 6): S3-S8

Haggendal E, Johansson B (1965) Effects of arterial carbon dioxide te¡rsion and oxygen saturation on

cerebral blood flow autoregulation in dogs. Acta Physiol Scand 66 (Suppl. 285):27-53

Hai C-M, Mu¡phy R,A' (1939) Ca2 
*, 

crossbridge phosphorylation, and contraction. Annu Rev Physiol

5L:285-298

Hamilton TC, Weir SW, 'Weston AH (1986) Comparison of the effects of BRL34915 and verapamil on

electrical and mechanical activity in rat portal vein. Br J Pharmacol 88: 103-111

Hammarstrom S, Samuelsson B (1980) Detection of leukotriene A¿ as an intermidiate in the

biosynthesis of leukotdene C¿ and D¿. FEBS Lett I22:83-86

164



Hand JM, v/ill JA, Buckner CK (1981) Effects of leukotrienes on isolated guinea pig puimonary

a¡teries. Eur J Pharmacol 76: 439-442

Hanko J, Hardebo JE, Kahrstrom J, Owman C, Sundler F (1985) Calcitonin gene-related peptide is

Present in mammalian cerebrovasculat nerve fibers and dialtes pial and peripheral arteries.

Neurosci Lett 57:.91-95

Hanko J, Hardebo JE, Owman CH (1981) Effects of various neuropeptides on cerebral blood vessels. J

Cereb Blood Flow Metab l(Suppl 1): 5346-5347

Harder DR (1983) Heterogeneity of membrane properties in vascular muscle cells from various

vascula¡ beds. Fed Ptoc 42:253-256

Harder DR (1987) Pressure-induced myogenic activation of cat cerebral a¡teries is dependent on intact

endothelium. Circ Res 6O: LO2-1O7

Ha¡der DR, Madden JA, Dawson C (i985) Hypoxic induction of Ca2 
*-dependent 

action potentials in

small pulmonary arteries of the cat. J Appl Physiol 59: 1389-L393

Ha¡der DR, Sperelakis N (i978) Membrane electrical properties of vascular smooth muscle from

guinea pig superior mesenteric artery. Pflugers Arch 378: ll1-l19

Ha¡der DR, Waters A (1984) Electrical activation of a¡terial muscles. Intemational Rev Cytology 89:

t37-149

Harper AM (1966) Autoregulation of cerebral blood flow: influence of the arterial blood pressure on

the blood flow through the cerebral cortex. J Neurol Neurosurg Psychiatry. 29:398-403

Harper AM, Bell RA (1963) The effect of metabolic acidosis and alkalosis on the blood flow through

cerebral cortex. J Neurol Neurosurg Psychiatry 26: 34I-344

Hartshome DJ (1987) Biochemistry of the contractile process in smooth muscle, in Joh¡rson LR (ed):

Physiology of the Gastrointestinal tract. New York, Raven Press, Publisher, pp423-482

Hayashi S, Hester RK (1987) Endothelium-dependent relaxatiorrs in rabbit aofta are depressed in

artificial buffered solutions. J Pharmacol Exp Ther 242: 523-530

Hayashi S, Toda N (1977) Inhibition by Cdz 
*, verapamil, and papaverine of Caz 

*-induced

contractiorrs in isolated cerebral and peripheral arteries of the dog. Bt J Pharmacol 60: 35-43

Hegedus SA, Shackelford RT (1965) A comparative-anatomical study of the cr¿nial-cervical venous

systems in mammals, with special reference to the dog: relatiorship of anatomy to measu¡ements of

cerebral blood flow. Am J Anat lL6:375.386

Hemandez MI, Brennan R'W, Bowman GS (1978) Cerebral blood flow autoregulation in the rat. Stroke

9:150-155

r65



Heistad DD, Marcus ML, Gourley JK, Busija DW (1981) Effect of adenosine and dipyridamole on

cerebral blood flow. Am J Physiol24O IJ775-H780

Heistad DD, Marcus ML, Said SI, Gross PM (1980) Effect of acetylcholine and vasoactive intestinal

peptide on cerebral blood flow. Am J Physiol23g: H73-HïO

Heistad, DD, Kontos, HA (1983) Cerebral circulation. In: Shepherd .II, Abbourd EM, eds. Handbook

of Physiolog. Section 2. The Cardiovascular System. Vol 3. Bethesda: American physiological

Society, ppl37-182

Heistad, DD, Marcus ML, Abboud FM (1978) Role of large arteries in tegulation of cerebral blood

flow in dogs. J Clinlnvest 62:76I-768

Hetmsmeyer K (1983) Sodium pump hyperpolarization-relaxation in rat caudal artery. Fed Proc 42:

246-252

Hermsmeyer K (1988) Ion channel effecæ of pinacidil in vascula¡ muscle. Drugs 36 (Suppl. 7): 29-32

Hescheler J Rosethal W, Trautwein W, Schultz G (1937) The GTP-binding proteih, Go, regulates

neuronal calcium channels. Nature 325 445-447

Hickey KA, Rubanyi GM, Paul RJ, Highsmith RF (1985) Characterization of a coronary

vasoconstrictor produced by endothelial cells in culture. Am J Physiol 248: C550-C556

Highsmith RF, Pang DC, Rapport RM (1989) Endothelial cell-derived vasocorsftictors: mechanisms of

action in vascular smooth muscle. J Cardiovasc Pharmacol 13: 536-544

Hilton R, Eichholtz F (L924-I925) The influence of chemical factors on the coronary ci¡culation. J

Physiol (Lond) 59: 413-425

Himpens B, Mattijs G, Somlyo AV (1983) Cytoplasmic free calcium, myosin light chain

phosphorylation, and force in phasic and tonic smooth muscle. J Gen Physiol92: 713-729

Hirata Y, Matsunaga T, Ando K, Furukawa T, Tsukagoshi H, Marumo F (i990) presence of

endothelin-l-like immunoreactivity in human cerebrospinal fluid. Biochem Biophys Res Commun

166:1274-1278

Hoar PE, Pato MD, Kerrick V/GL (1985) Myosin light chain phosphatase: Effect on the activation and

relaxation of. gizzard smooth muscle skinned fibers. J Biol Chem 260: 8760-8764

Hoff JT, Reis DJ (1970) Localization of tegions mediating the Cushing response in CNS of cats. Arch

Neurol (Chicago) 23: 228-240

Hoffrnan WE, Albrecht RF, Miletich DJ (1984) The role of adenosine in CBF increases during hypoxia

in young and aged rats. Stroke 15: 124-128

t66



Hogestatt ED, Uski TK (1987) Actions of some prostaglandins and leukotrienes on rat cerebral and

mesenteric arteries. Gen Pharmacol 18: LLl-lI7

Hokin MR, Hokin LE (1953) Enzyme secretion and the incorporation of P32 into phospholipids of
pancrease slices. J Biol Chem 2O3:967-977

Holman ME, Kasby CB, Suthers MB, Wilson JAF (1968) Some properries of the smooth muscle of
rabbit portal vein. J Physiol (Lond) 196:. III-I3Z

Holtz F, Forstermann u, Pohl u, Geisler M, Bassenge E (19g4) Flow-dependent,

endothelium-mediated dilation of epicardial coronary arteries in conscious dogs: effects of

cyclooxygenase inhibition. J Ca¡diovasc Pharmacol 6: 1161-1169

Holzma¡¡n S (1982) Endothelium-induced relaxation by acetylcholine associated with larger rises in

cyclic GMP in coronary a¡terial strips. J Cyclic Nucleotide Res 8: 4O9-419

Hom CJ, Schutt WA Jr, Rubanyi GM (lggO)Potential mechanisms of endothelin-induced transient

decreases in arterial pressu¡e in spontaneously hypertensive rats. In Endothelium-Derived

ContractingFactors. (Rubanyi GM and Vanhoutte PM ed.) pp 98-103, Karger, Basel.

Horsburgh K, Jansen I, Edvinsson, L, McCulloch J (1990) Second messenger systems: functional role in

cerebrovascular smooth muscle regulation. Eur J Pharmacol 191: 205-ZlI

Huang M, Rostad OP (1983) Effects of vasoactive intestinal polypeptide, monarnines, prostaglandins

and 2-chloroadenosine on adenylate cyclase in rat cerebral microvessels. J Neurochem 40: 7L9-726

Ignarro LJ, Buga GM, Wood KS, Byms RE, Chaudhuri G (1987) Endothelium-derived relaxiag factor

produced and released from artery and vein is nitric oxide. Proc Natl Acad Sci USA 84 9265-9269

Ignarro LJ, Kadowitz PJ (i985) The pharmacological and physiological role of cyclic GMP in vascular

smooth muscle relaxation. A¡¡ru Rev Pharmacol Toxicol 25: I7l-L9l

Ikebe M, Maurta S, Reardon S (1989) Location of inhibitory region of smooth muscle myosin light

chain kinase. J Biol Chem 264: 6967-6971

Ikebe M, Stepinska M, Kemp BE, Mearrs AR, Hartshome DJ (1987) Proteolysis of smooth muscle

myosin light chain kinase: Formation of inactive and calmodulin-independent fragments. J Biol

Chem260: I3828-L3834

Ikegawa R, Matsumura Y, Tsukahara Y, Takaoka M, Moromoto S (1990) Phosphoramidon, a

metalloproteinase inhibitor, suppresses the secretion of endothelin-1 from cultured endothelial

cells by inhibiting a big endothelin-l converting enzyme. Biochem Biophs Res Commun 171:

669-675

t67



Inagaki M, Yokokura H, Itoh T, Kanmura Y, Kuriyama H, Hidaka H (1987) Pu¡ified rabbit brain

protein kinase C relaxes skin¡red vascula¡ smooth muscle and phosphorylates myosin light chÂin .

A¡ch Biochem Biophys 254: 136-14l

Inoue A, Yanagisawa M, Takuwa Y, Kobayashi M, Masaki T (1989) The human endothelin family:

th¡ee structurally and pharmacologically distinct isopeptides predicted by three sepa¡are genes.

Proc Natl Acad Sci USA 86: 2863-2867

Inoue M, Kishimoto A, Takai Y, et al. (1977) Studies on a cyclic nucleotide-independenr protein kinase

and its Proenzyme in mammalian tissues, II: proenzyme and iæ activation by calcium-dependent

ptotease from rat brain. J Biol Chem 252:76LO-1,6I6

Isakson PC, Raz A, IIsueh W, Needleman (1978) Lipases and prostaglandin biosynthesis. Adv Prostagl

Th¡ombox Res 3: 1i3-120

Isenberg G, Klockner U, Lehrstuhl MJ (1987) Calcium transport in pH handling, vasoconstriction and

vasodilation (in German) (abstract). ZKaldliol76 (Suppl. 1): 101

Ito K, Takajura S, Sato K, Sutko JL (1986) Ryanodine inhibits the release of calcium from intracellular

stores in guinea pig aortic smooth muscle. Circ Res 58:730-734

Ito M, Hartshorne DJ (i990) Phosphorylation of myosin as a regulatory mechanism in smooth muscle.

Prog Clin Biol Res 327: 57-72

Ito M, Pierce PR, Allen RE, Hartshome DJ (1989) Effect of monoclonal antibodies on the properties

of smoothmuscle myosin. Biochem 28:5567-5572

Ivanov KP, Derry AN, Vovenko EP, Samoilov MO, Semionov DG (1982) Di¡ect measurements of

oxygen tension at the surface of arterioles, capillaries and venules of the cerebral cortex. Pflugers

A¡ch393:128-132

Ja¡car S, Schulz R, Krueger C, Cook DA (1987) Mechanisms of a¡achidonic acid-induced contractions

of canine basila¡ artery. Br J Pharmacol L36 345-352

Ja¡rsen I, Fallgren B, Edvinsson L (1989) Mechanisms of action of endothelin on isolated feline cerebral

arteries: in vivo pharmacology and electrophysiology. J Cereb Blood Flow Metab 9: 743-747

Jiang MJ, Morgan KG (1987) Intracellular calcium levels in phorbol ester-induced contractions of

vascula¡ muscle. Am J Physiol253:H1365-H1371

Jiang MI, Morgan KG (1989) Agonist-specific myosin phosphorylation and intracellular calcium during

isometric contractions of arterial smooth muscle. Pflugers Arch 413: 637-643

Joharsson BB, Nordborg C (1978) Cerebral vessels in spontaneously hypertensive rats. Adv Neurol 20:

349-357

168



Johansson BB, Somlyo AP (1980) Electrophysiology and excitation-contraction coupling.

Handbook of physiology, vol II, cardiovascular system, sect. 2, Bethesda, MD. Am physiol

253-299

Johns A, Freay AD, Adams DJ, Lategan T''W, Ryan US, van Breemen C (1988) Role of calcium in the

activation of endothelial cells. J ca¡diovasc Pharmacol 12 (Suppl. 5): S119-s123

Johns A, Lategan T'W, Lodge NJ, Ryan US, van Breemen C, Adams DJ (198?b) Calcium enrry through

receptor-oPerated cha¡urels in bovine pulmonary artery endothelial cells. Tissue Cell 19: l-13

Johrs A, Leijten P, Yamamoto H, Hwang K, van Breemen C (1987a) Calcium regulation in vascular

smooth muscle contmctility. Am J Cardiol 59: 18,4.-234

Johns RA, Linden JM, Peach MJ (1989) Endothelium-dependent relaxation and cyclic GMP

accumulation in rabbit pulmonary artery are selectively impaired by moderate hypoxia. Ci¡c Res 65:

1508-1515

Joh¡son PC (i980) The myogenic response in Bohr, Somlyo, Sparks, Handbook of physiology. Section

2. The ca¡diovascular system. YoI 2. Vascular smooth muscle, pp4O9-442 (Am Physiol Soci,

Bethesda)

Jones TR, Young R, Champion E, Charette L, Denis D, Ford-Hutchi¡son AVy', Frenette R, Gauthier

J-Y, Guindon Y, Kakushima M, Masson P, McFadane C, Piechuta H, Rokach J, Zamboni R,

DeHaven RN, Maycock A, Pong SS (1986) L-649,923, sodium (pS",

yR*)-4-(3-(4-acetyl-3-hydroxy-2-propylphenoxy)-propylthio)-y-hydroxy-p-methyl-benzene

butanoate, a selective, orally active leukotriene teceptor antagonist. Can J Physiol Pharmacol 64:

i068-1075

Jones TR, Zannortt R, Belley M, Champion E, Charette L, For-Hutchir¡son A'W, Frenette R, Gauthier

J-Y, Leger S, Masson P, McFadane CS, Piechuta H, Rokach J, William H, Ypung RN, DeHaven

RN, Pong SS (1988) Pharmacology of L-66O,71I (MK-571): a novel potent and selective leukotriene

D+ receptor antagonist. Can J Physiol Pharmacol 67: 17-28

Juul R, Edvi¡sson L, Grisvold SE, Elcnan R, Brubakk AO, Fredriksen TA (1990) Calcitonin gene

related peptide-Ll in subarachnoid hemorrhage in man: signs of activation of the

trigemino-cerebrovascular system? Br J Neurosurg 4: L7I-I8O

Kala¡ia RN, Harik SI (1986a) Adenosine receptors of cerebral microvessels and choroid plexus. J

Cereb Blood Flow Metab 6:463-470

Kalaria RN, Ha¡ik SI (1986b) Nucleoside transporter of cerebral microvessels and choroid plexus. J

Neurochem 47 : 1849-1856

In:

Soc

r69



Kamitani T, Little MH, Ellis EF (1985) Effect of leukotrienes, L2-IßTE, histamine, bradykinin, and

5-hydroxytryptamine on in vivo rabbit cerebral arteriolar diameter. J Cereb Blood Flow Metab 5:

55+559

Kamm KE, Stull IT (f985a) The function of myosin and myosin lighr chain kinase phosphorylarion in

smooth muscle. Anrru Rev Pharmacol Toxicol 25: 593-620

Kamm KE, Stull iT (1985b) Myosin phosphorylation, force, and maximal shortening velocity in neurally

stimulated tracheal smooth muscle. Am J Physiol24g: C238-C247

Kamm KE, Stull JT (1989) Regulation of smooth muscle contractile elements by second messengers.

Annu Rev Physiol 5l:.299-313

Ka¡aki H (1989) C* * localization and sensitivity in vascular smooth muscle. Trends Pharmacol Sci 10:

32G325

Ka¡aki H, Suzuki T, Ozaki H, Urakawa N, Ishida Y (1982) Dissociation of K* -induced tension and

cellular Ca2 
* 

retention in vascular and intestinal smooth muscle i¡ normoxia and hypoxia. Pflugers

Arch394:118-123

Kasuya Y, Takuwa Y, Yanagisawa M, Kimura S, Goto K, Masaki T (1989) Endothelin-l induces

vasoconstriction through two functionally distinct pathways in porcine coronary artery -

contribution of phosphoinositide turnover. Biochem Biophys Res Commun 161: 1049-1055

Katusic ZS, Marshall JJ, Kontos HA, Vanhoutte PM (1989) Similar responsiveness of smooth muscle of

the canine basila¡ artery to EDRF and nitric oxide. Am J Physiol 257: H1235-H1239

Katusic ZS, Shepherd JT, Vanhoutte PM (1984) Vasopressin causes endothelium-dependent

relaxations of the canine basilar artery. Cir Res 55: 575-579

Katusic ZS, Shepherd JT, Vanhoutte PM (1986) Oxytocin causes endothelium-dependent relaxatiors of

carrine basilar artedes by activating V¡-vasopressinergic receptors. J Pharmacol Exp Ther 236:

t66-r70

Katusic ZS, Shepherd JT, Vanhoutte PM (1987) Endothelium-dependent contraction to stretch in

canine basilar a¡teries. Am J Physiol 252: H67L-H673

Katusic ZS, Vanhoutte PM (1986) Anoxic contractions in isolated canine cetebral arteries: contribution

of endothelium-derived factors, metabolites of a¡achidonic acid, and calcium entry. J Ca¡diovasc

Pharmacol 8 (Suppl S): S97-S10i

Kauser K, Rubanyi GM, Harder DR (1990) Endothelium-dependent modulation of endothelin-induced

vasoconstfiction and membrane depolarization in cat cerebral arteries. J Pharmacol Exp Ther 252:

93-97

170



Kawaguchi H, Sawa H, Yasuda H (1990) Endothelin stimultes angiotensin I to angiotensin II
conversion in cultu¡ed pulmonary artery endothelial cells. J Mol Cell Cardiol 22:839-842

Kettler J, Ong BY, Bose D (1989) Ouabain prevents loss of autoregulation in rat arterioles caused by

teoxygenation after a briefhypoxic episode. Can J Physiol Pharmacol 67:423-427

Kimura S, Kasuya Y, Sawamura T, Shinmi O, Sugita Y, Yanagisawa M, Goto K, Masaki T (1989)

Conversion of big endothelin-l to 2l-residue endothelin-l is essential for expression of full

vasoconstrictor activity: structure-activity relationships of big endothelin-1. J Ca¡diovasc Pharmacol

13: S5-S7

Kirshner HS, Bland WF, Myers RE (1975) Brain extracellular potassium activity during hypoxia in the

cat. Neurol 25: 1001-1005

Kissen I, 'Weiss HR (1991) Effect of peripheral and central alpha-adrenoceptor blockade on cerebral

microvascula¡ and blood flow resporses to hypoxia. Life Sci 48:1351-1363

Kito G, Okuda H, Ohkawa S, Terao S, Kikuchi K (1981) Contractile activities of leukotriene C¿ and D¿

on vascular strips ftom rabits. Life Sci 29: L325-L332

Kiwak KJ, Moskowitz MA, Levine L (1985) Leukotriene production in gerbil brain after ischemic

insult, subarachnoid hemorrhage and concussive injury. J Neurosurg 62:865-869

Knuepfer MM, Han SP, Trapani AJ, Fok KF, Westfall TC (1989) Regional hemodynamic and

baroreflex effects of endothelin in rats. Am J Physiol 257: H9l8-H926

Koehler RC, Traytman RI, Jones MD (1986) Influence of oxyhemoglobin affinity on cerebrovascular

response to hypoxic hypoxia. Am J Physiol25I: H756-H763

Kogure K, Scheinberg P, Reinmuth OM (1970) Mechanisms of cerebral vasodilatation in hypoxia. J

Appl Physiol 29 : 223 -229

Koide T, Noda Y, Hata S, Sugioka K, Kobayashi S, Nakano M (l9Sl) Contraction of canine basilar

artery following linoleic acid, arachidonic acid, l3-hydtoxyperoxylinoleic or lS-hydroxyperoxy

a¡achidonic acid. Proc Soc Exp Biol Med 168 399-402

Koller A, Messina EJ, V/olin MS, Kaley G (1989) Endothelial impairment inhibits prostaglandin and

EDRF-mediated arteriolar dilation in vivo. Am J PhysiolZ5T: H1966-H197O

Komori K, Lorcnz RR, Vanhoutte PM (1988) Nitric oxide, ACh, and electrical and mechanical

properties of canine arterial smooth muscle. Am J PhysiolZ2í: H207-H2I2

Komori K, Suzuki H (1987) Heterogeneous distribution of muscarinic receptors in the rabbit saphenous

artery. Br J Pharmacol 92:. 657-664

Komori K, Vanhoutte (1990) Endothelium-derived hyperpolarizing factor. Blood VesseLs 27: 238-245

L7t



Kontos IIA (1971) Role of hypercapnic acidosis in the local regulation of blood flow in skeletal muscle.

Ci¡c Res 28 (Suppl. I): I98-I105

Kontos HA (1989) Oxygen radicals in cerebral ischemia, in Ginsberg MD, Dietric WD (eds.):

C ere brovasc ular Dß eases - New York, Raven Press, Publishers, pp365 -37 I

Kontos HA, Wei EP, Ellis EF, Jenkins LW, Povlishock JT, Rowe GT, Hess ML (1985) Appearance of
supetoxide anion radical in cerebral extracellular space dwing increased prostaglandin synthesis in

cats. Circ Res 57: 142-LSl

Kontos HA, Wei EP, Kukreja RC, Ellis EF, Hess ML (1990) Differences in endothelium-dependent

cerebral dilation by bradykinin and acetylcholine. Am J Physiol 258l- H1261-HI266

Kontos HA, Wei EP, Ma¡shall JJ (1988) In vivo bioassay of endothelium-derived relaxing factor. Am J

Physiol 25 5 : H1259-H1262

Kontos HA, Wei EP, Navari RM, Levasseur IE, Rosenblum WI, Patterson JL (1978) Responses of

cerebral arteries and arterioles to acute hypotension and hypertension. Am J Physiol 234:

H37L-H383

Kontos HA, Wei EP, Povlishock JT, Christmen CW (1984) Oxygen radicals mediate the cerebral

arteriola¡ dilation from arachidonate and bradykinin in cats. Circ Res 55: 295-3O3

Kontos HA, Wei EP, Povlishock JT, Kukeja RC, Hess ML (1989) Inhibition by arachidonate of

cerebral arteriolar dilation from acetylcholine. Am J Physiol 256: H665-H67I

Kontos HA, Vy'ei EP, Raper AJ, Patterson IL lr (1977) Local mechanism of COz action on cat pial

a¡tedoles. Stroke 8: 226-229

Kontos IIA, Wei EP, Raper AJ, Rosenblum V/I, Navari RM, Patterson JL Jr (1978) Role of tissue

hypoxia in local regulation of cerebral microcirculation. Am J Physiol 234l. H582-H59L

Kopia GA, Valocik RE, Torphy TJ, Cieslinksi LB, Sarav HM, Foley JJ, Wasserman MA (L987)

Inhibition of leukotriene D¿-induced coronary vasoconsttiction by leukottiene antagonists in

anesthetized dogs. J Pharmacol Exp Ther 241: 174-l8O

Kowarski D, Shuman H, Somlyo AV (1985) Calcium release by noradrenaline from central

sarcoplasmic teticulum in rabbit main pulmon^ry artery smooth muscle. J Physiol (Lond) 366:

153-175

Krebs EG (1989) Role of the cyclic AMP-dependent protein kinase in signal transduction. J Am Med

Assoc262:1815-1818

Krebs EG, Boyer PD (1986) The enzymes. Odando, Fla, Academic Press, ppl13-166

t72



Kreutzberg GY/, Barron KD, Schubeft P (1978) Cytochemical localization of 5'-nucleotidase in glial

plasma membranes. Brain Res L58:.247-257

Kuriyama H, Ito Y, Suzuki H, Kitamura K, Itoh T (1982) Factors modifying contraction-relaxationcycle

in vascular smooth muscle. Am J Physiol243: H64l-}J662

Kuriyama H, Suzuki H (1978) The effects of acerylcholine on the membrane and contractile properties

of smooth muscle cells of the rabbit superior mesenteric artery. Br J Pharmacol 64: 493-5OL

Kuschinsky W, Wahl M (1978) Local chemical and neurogenic regulation of cerebral vascular

resistance. Physiol Rev 58: 656-689

Lambert TL, Kent RS, Whorton AR (1986) Bradykinin stimulation of inositol polyphosphate

production in porcine aortic endothelial cells. J Biol Chem 261: L5288-L5293

Lamping KG, Rodenburg JM, Messina EJ, Kaley G (1987) Oxygen metabolites and vasodilator

mechanisms in rat cremasteric arterioles. Am J Physiol 252: HLlS9-Hl l63

Lands WEM, Sauter J, Stone GVi (1978) Oxygen requirements for prostaglandin biosynthesis.

Prostaglandins Med 1: ll7-I2O

Larsson L-I, Edvinsson L, Fafuenkrug J, Hakanson R, Owman C, Schaffalitzl<y de Muckadell OB,

Sundle¡ F (1976) Immunohistochemical localization of a vasodilatory polypeptide (VIP) in

cerebrovascular nerves. Brain Res I L3 : 4OO-4O4

Lassen NA (1959) Cerebral blood flow and oxygen consumtion in man. Physiol Rev 39: L83-238

Lassoff S, Altura BM (1980) Do pial terminal arterioles respond to local perivascular application of the

neurohypophysical peptide hormones, vasopressin and oxytocin? Brain Res 196: 266-269

Laudignon N, Beharry K, Rex J, Aranda fV (1990a) Effect of adenosine on total and regional cerebral

blood flow of the newbom piglet. J Cereb Blood Flow Metab 10: 392-398

Laudignon N, Farri E, Beharry K, Rex J, Aranda fV (1990b) Influence of adenosine on cerebral blood

flow during hypoxic hypoxia in the newbom piglet. J Appl Physiol 68 1534-154I

Lee K, Miwa S, Hayashi Y, Koshimura K, Taniguchi T, Orii Y, Fujiwara M (1988) Effects of hypoxia on

contractile responses of rabbit aortic strips to transmu¡al electrical stimulation.

Naunyn-Schmiedeberg's A¡ch Pharmacol 33 8 : 27 5 -28 I

Lee T, Saito A, Beresin I (1984) Vasoactive intestinal polypeptide-like substance: the potential

transmitter for cerebral vasodilation. Science 224: 898-9OI

Leenders KL, Perani D, Lammertsma A,A,, Heather JD, Buckingham P, Healy MJR, Gibbs JM, Wise

RIS, Hatazawa J, Herold S, Beaney RP, Brooks DJ, Spiniks T, Rhodes C, Frackowiak SJ, Hones T

173



(1990) Cerebral blood flow, blood volume and oxygen utilization. Normal values and effect of age.

B.n:u¡.LI3:27-47

Leffler CW, Mirro R, Armstead WM, Busija DV/, Thelin O (1990) Prost¿noid synthesis and vascula¡

resPorlses to exogenous a¡act¡.idonic acid following cerebral ischemia in piglets. prostaglandin 40:

241-248

Levasseur JE, Wei EP, Raper AJ, Kontos HA, Patterson Jr JL (1975) Detailed description of a cranial

wi¡dow technique for acute and ch¡onic experiments. Sûoke 6: 3OB-3L7

Lidbury PS, Thiemernarìrr C, Korbut R, Vane JR (1990) Interaction of endothelin with the

endothelium. J Vasc Med Biol 2: 178

Limbird LE (1981) Activation and attenuation of adenylate cyclase. Biochem I 195:1-13

Lincoln TM (1989) Cyclic GMP and mechanisms of vasodilatation. Pharmacol Ther 41: 479-502

Lincoln TM, Comwall TL, Taylor AE (1990) cGMP dependent protein kinase mediates the reduction

of Ca2 
* 

by cAMP in vascular smooth muscle cells. Am J Physiol 258: C399-C4O7

Liszczak TM, Varsos VG, Black PM, Kistler IP,Zewas NT (1983) Cerebral a¡terial constriction after

experimental subarachnoid hemorrhage is associated with blood components within the a¡terial

wall. J Neurosurg 58: 18-26

Long CJ, Shikano K, Berkowitz BA (1987) Anion eschange resins discriminate between nitric oxide and

EDRF. Eur J Pharmacol142:.3I7-3I8

Lopez-Jaramillo P, Gonzalez MC, Palmer RMf, Moncada S (1990) The crucial role of physiological

Ca2 
* 

concentrations in the production of endothelial nit¡ic oxide and the control of vascular tone.

Br J Pharmacol 101: 489-493

Lou HC, Edvirrsson, MacKenzie ET (1987) The concept of coupling blood flow to brain function:

revision required? Ann Neurol 22:289-297

Lovgren EV, Hellstrand P (1985) Graded effects of oxygen and respiratory inhibitors on cell

metabolism and spontaneous contractions in smooth muscle of the rat portal vein. Acta Physiol

Scand 123: 485-495

Ludmer PL, Selwyn AP, Shook TL, Wayne BS, Mudge GH, Alexander RW, Ganz P (1986) Paradoúcal

vasocorìstriction induced by acetylcholine in atherosclerotic coronary arteries. New Engl J Med

315:1046-1051

Luscher TF (1990) Endothelial control of vascula¡ tone and growth. Clin & Exper Hyper- Theory &

Practice 12A:879-902

t74



MacKenzie ET, Scatton B (1987) Cerebral circulatory and metabolic effects of perivascular

neu¡otra¡smitters. CRC Crit Rev Clin Neurobiol 2: 357-419

MacKerrzie ET, Stangaard S, Graham DI, Jones fV, Harper AM, Farar J (1976) Effect of acutely

induced hypertension in cats on pial arteriola¡ caliber, local cerebral blood flow and the blood

brain barrier. Ci¡ Res 39:33-41

Macrae IM, Graham DI, McCulloch (1987) Vasomotor effects of atrial nat¡iureric peptides of femine

pial arterioles. Brain Res 435: 195-2OL

Mallick BA, Bose D, Chau T, Ong BY (1987) Mechanism of impaired myogenic response in cerebral

blood vessels during posthypoxic recovery. can J Physiol Pharmacol 65 L59-r64

Ma¡chetti C, Brown AM (1988) Protein kinase activator l-oleoyl-2-acety-sn-glycerol inhibits two types

of calcium curents in GH3 cells. Am J Physiol 254 C206-C2IO

Ma¡kelonis G, Garbus J (L975) Alterations of intracellular oxidative metabolism as stimuli evoking

prostaglandin biosynthesis. Prostaglandins 10: 1087- I 106

Ma¡sden PA, Danthuluri NR, Brenner BM, Ballerman BJ, Brock TA (1989) Endothelin action on

vasculat smooth muscle involves inositol trisphosphate and calcium mobilization. Biochem Biophys

Res Commun 158: 86-93

Ma¡shall JJ, Kontos HA (1988) Independent mechanisms of blockade of endothelium-dependent and

nitroprusside-induced dilation by hemoglobin (abstract). FASEB J Z: ATLO

Manhall JJ, Kontos HA (1990) Endothelium-derived relaxing factors. A perspective from invivo data.

Hypertension 16: 37 I-386

Marshall JJ, Wei EP, Kontos HA (1983) Independent blockade of cereb¡al vasodilation from

acetylcholine and nitric oxide. Am J Physiol 255:H847-H854

Martin SE, Tidmore WC, Patterson RE (1991) Adenosine receptor blockade with
8-p-sulfophenyltheophylline aggravates coronary const¡iction. Am J Physiol 260: IH^I753-IHI759

Matsuda JJ, Volk KA, Shibata EF (1990) Calcium cunents in isolated rabbit coronary arterial smooth

muscle myocytes. J Physiol (Lond) 427:657-68O

Mattera R, Graziano MP, Yatani A, et al. (1989) Bacterially syntheaized splice variants of the a subunit

of the G proteirrs activate both adenylate cyclase and dihydropyridine-sensitive calcium channels.

Science 243: 804-807

Mayer B, Schmidt K, Humbert P, Bohme E (1989) Biosynthesis of endothelium-derived relaxing factor:

a cytosolic etlzyme in porcine aoftic endothelial cells Ca2 
*-dependently 

convefrs L-arginine into

an activator of soluble guanylate cyclase. Biochem Biophys Res Commun 164: 678-685

175



Mayhan WG, Sahagun G, Specto R, Heistad DD (1986) Effects of leukotriene C4 on the cerebral

microvasculatu¡e. Am J Physiol 25: H47l-H474

Mazmanian GM, Baudet B, Brink C, Cerrina J, Kirkiacharian S, Weiss M (1989) Methylene blue

potentiates vascula¡ reactivity in isolated rat lungs. J Appl pHysiol 66: 1040-1045

McBean DE, Harper AM, Rudolphi KA (1988) Effects of adenosine and its analogues on porcine

basilar arteries: are only A2 receptors involved? J Cereb Blood Flow Metab 8: 40-45

McCord JM (1985) Oxygen-derived free radicals in postischemic tissue uUrrry. N Engl J Med 3IZ:

159-163

McCormack D (1990) Endothelium-derived relaxing factors and the human pulmonary ci¡culation.

Lung 168 (Suppl.): 35-42

McCulloch J Savaki HE, Sokoloff L (19S2b) Distribution of effects of haloperidol on energy

metabolism in the rat brain. Brain Res 243: 8l-90

McCulloch J, Edvinsson L (1980) Cerebral circulatory and metabolic effects of vasoactive intestinal

peptide. Am J Physiol23S: H449-H456

McCulloch J, Savaki IIE, McCulloch MC, Jehle J, Sokoloff L (1982a) The distribution of alterations in

energy metabolism in the rat brain produced by apomorphine. Brain Res 243: 67-80

McCulloch J, Uddman R, Kingman T, Edvinsson L (1986) Calcitonin gene-related peptide: Functional

role in cerebrovascular regulation. Proc Natl Acad Sci USA 83: 573I-5735

Mchedlishvili G (1986) Arterial Behavior and blood circulation in the brain. New York, Plenum

Publishing Corp, 1986

McMutry I (1985) Bay K8644 potentiates and A23L87 inhibits hypoxic vasoconstriction in rat lungs. Am

J Physiol 249: H7 4L-H7 46

Meister A, Anderson ME (1983) Glutathione. Anrru Rev Biochem 52:7LL-760

Menkes H, Baraban JM, Snyder SH (1986) Protein kinase C regulates smooth muscle tension in

guinea-pig trachea and ileum. Eur J Pharmacol I22: 19-27

Meyer J, Mischeck U, Veyhl M, Henzel K, Galla H-J (1990) Blood-brain barrier characteristic

enzymatic properties in cultured brain capillary endothelial cells. Brain Res 514: 305-309

Meyer LH, Wanning C, Predel HG, Backer A, Stelkens H, Kramer HJ (1989) Effects of endothelin on

sodium transPort mechanisms : potential role in cellular Ca2 
* 

mobilization. Biochem Biophys Res

Commun L63:458-465

176



Michelassi F, Landa L, Hill RD, Lowenstein E, Watkins IVD, Petkau AI, Zapol WM (1982)

Leukotriene D4: a potent coronary artery vasoconstrictor associated with impaired ventricula¡

conhaction. Science 2L7 : 841-843

Miller DS, Yaghi A, Hamilton JT, Paterson NAM (1989) Role of arachidonic acid metabolites in

hypoxic contractions of isolated porcine pulmonary artery and vein. Exp Lung Res 15 2L3-222

Miller JR, Hawkins DJ, Vy'ells JN (1986) Phorbol esterc alter the contractile responses of porcine

coronary artery. I Pharmacol Exp Ther 239:. 38-42

Miller VM, Vanhoutte PM (1989) Is nitric oxide the only endothelium-derived relaxing factor in canine

femoral veins? Arn J Physiol 257:HL9LO-H1916

Minami Y, Toda N (1989) Possible involvement of 5-lipoxygenase products in the generation of

endothelium-derived relaxing factor. J Pharmacol Exp Ther 250: 1055-1060

Misra HP, Fridovich I (L972) The generation of superoxide radical during the autoxidation of

hemoglobin. J Biol Chem 247:6960-6962

Moncada S, Grylewski R, Bunting S, Vane JR (1976) An enzyme isolated from arteries t¡ansforms

prostaglandin endoperoxides to an unstable substance that inhibit platelet aggregation. Natu¡e 263:

663-665

Moncada S, Higg EA, Hodson HF, Knowles RG, Lopez-Jaramillo P, McCall T, Palmer RMJ,

Radomski 'W, Rees DD, Schulz (1991) The L-Arginine: nitric oxide pathway. J Cardiovasc

Pharmacol 17 (Suppl. 3): S1-S9

Moncada S, Vane JR (1979) Pharmacology and endogenous role of prostaglandin endoperoxides,

th¡omboxane Az and prostacyclin. Pharmacol Rev 30: 293-331

Moody C, Lehman W, Craig R (1990) Caldesmon and the strucfure of smooth muscle thin filaments. J

Muscle Res Cell Motil 11: 176-185

Morgan JP, Morgan KG (1982) Vascula¡ smooth muscle: The first recorded Ca2 
* tra¡si.nt. Pflugers

Arch395:75-77

Morgan JP, Morgan KG (1984a) Stimulus-specific pattems of intracellular calcium levels in smooth

muscle of ferret portal vein. J Physiol (Lond) 35l. 155-167

Morgan JP, Morgan KG (1984b) Stimulus-specific patterns of intracellular Ca2 
* 

levels in smooth

muscle of fenet portal vein. J Physiol (Lond) 35I:- 156-L67

Morgan JP, Perreault CL, Morgan KG (1991) The cellula¡ basis of contraction and relaxation in

ca¡diac and vascular smooth muscle. Am Hea¡t J 12:961-968

177



Morgarrroth ML, Stenmark KR, Zinolli JA, Mauldin R, Mathias M, Reeves JT, Murphy RC, Voelkel

¡rv (1984) Leukotriene Ca production during hypoxic pulmonary vasoconstdction in isolated rat

lungs. Ptostaglandins 28: 867 -87 5

Morii S, Ngai AC, Winn HR (1986) Reactivity of rat pial a¡terioles and venules to adenosine and

carbon dioxide: with detailed description of the closed cranial window technique in rats. J Cereb

Blood Flow Metab 6:34-41

Morris lvß. (1974) Hypoxia and extracellular potassium activity in the guinea pig cortex. Can J physiol

Pharmacol 52:.872-882

Moskowitz MA, Kiwak KJ, Hekimian K, Levine L (1984) Synthesis of compounds with properties of

leukotriene C¿ and D¿ in gerbil brains after ischemia and reperfusion. Science 224: 886-889

Mrwa U, Achtig I, Ruegg JC (1974) Influences of calcium concentration and pH on the tension

development and ATPase activity of the a¡terial actomyosin contractile system. Blood Vessel 1l:

277-286

Muldoon L, Rodland KD, Forsythe ML, Magun BE (1989) Stimulation of phosphatidylinositol

hydrolysis, diacylglycerol release, and gene expression in tesponse to endothelin, a potent new

agonist fot fibroblasts and smooth muscle cells. J Biol Chem 264- 8529-8536

Mumby MC, Russell KL, Garrad LJ, Green DD (1987) Cardiac contractile protein phosphatases:

Purification of two enzyme forms and thei¡ characterization with subunit-specific antibodies. J Biol

Chem262:6257-6265

Murad F, Arnold WP, Mittal CK, Braughler JM (1979) Properties and regulation of guanylate cyclase

and some proposed functions for cyclic GMP. Adv Cyclic Nucleotide Res 11: I75-2O4

Murphy RA (1989) Special topic: Contraction in smooth muscle cells. Aruru Rev Physiol 5I 275-283

Murphy RC, Hammarstrom S, Samuelsson B (1979) Leukotriene C: A slow-reacting substance from

muri¡e mastocytoma cells. Proc Natl Acad Sci USA 76: 4275-4279

Myers PR, Guera R Jr, Harrison DG (1989) Release of NO and EDRF from cultured bovine aortic

endothelial cells. Am J Physiol 256: H1030-H1037

Nagao T, Suzuki H (1987) Non-neural electrical responses of smooth muscle cells of the rabbit basilar

artery to electrical field stimulation. Jap J Physiol 37: 524-526

Nakagomi T, Kassell NF, Sasaki T, Fujiwara S, Lehman M, Johshita H, Torner JC (1987) Effect of

hypoxia on the contractile response to KCl, prostaglandin F2a, and hemoglobin. J Neurosurg 67:

565-572

Nakamura T, Suzuki N, Hishinuma I, Ishikawa Y, Sasaki T, Asano (1984) Appearance of 5-hydroxy

eicosateûaenoic acid in cerebrospinal fluid after subarachnoid hemorrhage. Med Biol 62: L25-I28

178



Nakamura Y, Nakamura K, Matsukura T, Nakamura K (1988) Vascular angiotensin converting enzyme

activity in spontaneously hypertensive rats and its inhibition with cilazapril. J Hypertens 6: 105-110

Namm DH, Zucker IL (L973) Biochemical alteratiorrs caused by hypoxia in the isolated rabbit aorta:

correlation with changes in a¡terial contractility. Ci¡c Res 32: 464-470

Nayler WG (1990) Endothelin: isoforms, binding sites and possible implications in pathology. Trends

Pharmacol Sci l1: 96-99

Needleman P, Turk J, Jakschik BA, Morrison AR, Lefkowith JB (1986) Arachidonic acid metabolism.

Ann Rev Biochem 55: 69-102

Neer EJ, Clapham DE (1988) Roles of G protein in transmembrane signaling. Nature 333: L29-L34

Nelson MT, Huang Y, Brayden JE, Hescheler J, Standen NB (1990) Arterial dilations in response to

calcitonin gene-related peptide involve activation of K* cha¡nels. Nature 344:77O-773

Ngai PK, Walsh MP (1984) Inhibition of smooth muscle actin-activated myosin Mg2 
*-ATPuse 

activity

by caldesmon. J Biol Chem 259: 13656-13659

Nielsen KC, Owman C (1967) Adrenergic inrrervation of pial arteries related to the ci¡cle of Willis in

the cat. Brain Res 6:'773-776

Nilsson B, Rehncrona S, Siesjo BK (1978) Coupling of cerebral metabolism and blood flow in epileptic

serzures, hypoxia and hypoglycaemia. In:. Cerebral Yasculnr Smooth Muscle and its Control, edited

by M.J. Purves. Amsterdam: Elsevier/North-Holland, Ciba Found. Symp. 56: 199-214

Nishiye E, Itoh T, Kuriyama H (1988) Some effects of leukotriene D4 on the mechanical properties of

the guinea-pig basilar artery. Br J Pharmacol 93: 591-600

Nishizuka Y (1984) The role of protein kinase C in cell surface signal transduction and tumor

promotion. Nature 308: 693-698

Nishizuka Y (1986) Studies and perspectives of protein kinase C. Science 233: 305-312

Noma A (1983) ATP-regulated K* channels in cardiac muscle. Nature 305 147-148

Nonomura Y, Ebashi S (1980) Calcium regulatory mechanism in vertebrate smooth muscle. Biomed

Res l: 1-14

Northup JK, Smigel MD, Stemweis PC, et al. (1983) The subunits of the stimulatory regulatory

component of adenylate cyclase: resolution of the activated 45,000-dalton (ø) subunit. J Biol Chem

258:1L369-1L376

van Nueten IM, Vanhoutte PM (1980) Effect of Caz " arrtagonist lisoflazin on normoxic and anoxic

contractions of canine coronary artenal smoothe muscle. Eur J Pharmacol 64: 173-176

179



Ot¡Istein EH, Horohonich S, Hay DWP (1989) Cellular mechanisms of endothelin in rabbit aorta. J

Pharmacol Exp Ther 25O: 548-555

Ohya Y, Sperelakis N (1988a) Whole-cell voltage clamp and inracellular perfusion technique on single

smooth muscle cells. Mol Cell Biochem 80: 79-86

Ohya Y, Sperelakis N (1988b) Guanosine triphosphate-dependent stimulation of L-type calcium

channels of vascular smooth muscle cells (abstract). The Physiologist 31: A8B

Ohya Y, Sperelakis N (1989a) Modulation of single slow (L-type) calcium channels by intracellular

ATP in vascula¡ smooth muscle cells. Pflugers Arch 414: 257-264

Ohya Y, Sperelakis N (1989b) AT? regulation of the slow calcium channels in vascula¡ smooth muscle

cells of guinea pig mesenteric afiery. Citc Res 64: L45-154

Okada K, Miyazaki Y, Takada J, Matsuyama K, Yamaki T, Yano M (1990) Conversion of big

endothelin-1 by membrane-bound metalloendopeptidase in cultured bovine endothelial cells.

Biochem Biophs Res Commun l7I: Il92-I198

Oldendorf TVH (1971) Brain uptake of radiolabeled amino acids, amines, and hexoses after a¡terial

injection. Am J Physiol 221: 1629-1639

Olsen S-P; Clapham DE, Davies PF (1938) Haemodynamic shear stress activates a K* current in

vasculat endothelial cells. Nafure 331: 168-170

Ong BY, Kettler JJ, Bose D (1987) Alteration of pial vassel responses to blood pressure changes in rats

after hypoxia. Can J Physiol Pharmacol 65 : 2265 -2268

Onoue H, Nakamura N, Toda N (1988) Endothelium-dependent and -independent responses to

vasodilators of isolated dog cerebral a¡teries. Stroke 19: L388-1394

Orr JA, Vy'agerle LC, Kiorpes AL, Shirer IfW, Friesen BS (1983) Distribution of intemal carotid artery

blood flow in the pony. Am J Physiol24r':HI42-H749

Ovetsþ RS, Sprague AH, Stepherson TE, Dahrns TE, Lonigro AJ (1987) Inhibition of leukotriene

synthesis does not attunuate the pulmonary pressor response to alveola¡ hypoxia. A¡n Rev Respir

Dis 135:4128

Pacaud P, Loirand G, Mitonneau C, Mironneau J (1987) Opposing effects of noradrenaline on the two

classes of voltage-dependent calcium cha¡¡¡rels of single vasculat smooth muscle cells in short-term

primary culture. Pflugers A¡ch 410: 557-559

Palmer RMI, Ashton DS, Moncada S (1988) Vascular endothelial cells synthesize nitric oxide from

L-arginine. Nature 333:- 664-666

180



Palmer RMJ, Ferrige AG, Moncada S (1987) Nitric oxide release accounts for the biological activityof

endothelium-derived relaxing factor. Nature 327 : 524-526

Paoletti P, Gaetani P, Grignani G, Pacchiarini L, Silvani V, Baena RRY (i988) CSF leukotriene C¿

following subarachnoid hemorrhage. J Neurosurg 69l. 488-493

Parker-Botelho LH, Cade C, Phillips PE, Rubanyi GM (1991) Tissue specificiry of endothelin synthesis

and binding. In Endothelin (Rubanyi GM, ed.) Oxford Univ press, New yorþ Ny

Pato MD, Kerc E (1990) Comparison of the properties of the protein phosphatases f¡om avian and

mammalian smooth muscles: Purification and cha¡acterization of rabbit uterine smooth muscle

phosphatases. A¡ch Biochem Biophys 276: 176-124

Paulson OB, V/aldemar G, Schmidt JF, St¡andgaard S (1989) Cerebral circulation under normal and

pathologic conditions. Am J Cardiol 63:2C-5C

Peach MJ, Loeb AL, Singer HA, Saye J (i985) Endothelium-derived vascular relaxing factor.

Hypertension 7 (Suppl. I): I94-I100

Pearce WJ (1986) Mechanisms of hypoxic relaxation in isolated cerebral arteries: the effects of

extracellula¡ calcium concentmtion. Proc West Pharmacol Soc 29: 199-202

Pea¡ce V/J, Reynier-Rebuffel A-M, I-ee J, Aubineau P, Ignarro L, Seylaz J (1990) Effects of methylene

blue on hypoxic cerebral vasodilatation in the rabbit. J Pharmcol Exp Ther 254:616-625

Pearson RB, Vy'ettenhall REH, Means SR, Hartshorne DJ, Kemp BE (1988) Autoregulation of

enzymes by pseudosubstrate prototopes: Myosin light chain kinase. Science 241 970-973

Peck MI, Pipet PJ, Williams TJ (1981) The effects of leukotriene C¿ and D¿ on the microvasculature of

guinea-pig skin. Ptostaglandi¡rs 2l: 315-321

Phillips PE, Cade C, Parker-Botelho LH, Rubanyi GM (1991) Molecula¡ biology of endothelin. In

Endothelin. (Rubanyi GM ed.) Oxford Univ Press, New Yorlq NY

Philhs fW (1989) Adenosine in the control of the cetebral ci¡culation. Cerebrovasc Brain Metab Rev l:

26-54

Phillis fW, Delong RE (1986) The role of adenosine in cerebral vascula¡ regulation during reduction

in perfusion pressure. J Pharm Pharmacol 38:. 460-462

Phiilis fW, Delong RE, Towner JK (1985) Adenosine deaminase inhibitors enhance cerebral anoxic

hyperemia in the rats. J Cereb Blood Flow Metab 5: 295-299

Phillis fS/, Preston G, Delong RE (1984) Effects of anoxia on cerebral blood flow in the rat brain:

evidence for a role of adenosine in autoregulation. J Cereb Blood Flow Metab 4: 586-592

181



Phillis fW, V/u PH (1982) The effect of various centrally active dn:gs on adenosine uptake by the

central nervous system. Comp Biochem Physiol 72C: I79-I87

Pickard JD (1981) Role of prostaglandins and arachidonic acid derivatives in the coupling of cerebral

blood flow to cerebral metabolism. J Cerb Blood Flow Metab l: 36i-384

Piomelli D, Feinmark SJ, Caruron PL (1987) Leukotriene biosyrrthesis by canine and human co¡onary

artedes. J Pharmacol Exp Ther 241l.763-770

Piper PJ, Letts LG, Galton SA (1983) Generation of a leukotriene-like substance from porcine vascular

and other tissues. Prostaglandins 25:.591-599

Piper PJ, Stanton AWB, Mcleod LI (1985) Actions of leukotriene C¿ and D¿ on the porcine renal

vascular bed. Prostaglandins 29; 6ù73

Pipper PJ, Antoniw fW, Stanton AWB (1988) Release of leukotrienes from porcine and human blood

vesels by immunological and nonimmunological stimuli. Ann ¡ry Acad Sci 524: 133-I4l

PittÍnan RN, Duling BR (1973) Oxygen sensitivity of vascular smooth muscle. I. In vitro studies.

Microvasc. Res 6: 202-211

Potrl U, Busse R (1989) Hypoxia stimulates release of endothelium-derived relaxant factor. Am J

Physiol 256: H1595- I 600

Ponte J, Pu¡ves MI (L974) The role of the carotid body chemoreceptors and carotid sinus

baroreceptors in the control of cerebral blood vessels. J Physiol Lond237:3L5-34O

Pulsinelli WA, Levy DE, Duffy TE (1982) Regional cerebral blood flow and glucose metabolism

following transient forebrain ischemia. Ar¡¡r Neurol 1l: 499-509

Quast U (1988) Comparison of 8óRb* andaK* effluxes simulated by the K* channel opener BRL

34915 in vascular smooth muscle. Br J Pharmacol 93: l9P

Quast U, Cook NS (1989) Invitro and invivo comparison of two K* cha¡nel openers, diazoxide and

cromakalim, and their inhibition by glibenclamide. J Pharmacol Exp Ther 250: 26L-271

Raeymaekers L, Wuytack F, Casteels R (1985) Subcellula¡ fractionation of pig stomach smooth muscle.

A study of the distribution of thQ CJ *-Mg2 *;-ATPase 
activiry in plasmalemma and endoplasmic

reticulum. Biochem Biophys Acta 815: 441-454

Raj JU, Chen P (1987) Role of eicosanoids in hypoxic vasoconstriction in isolated lamb lungs. Am J

Physiol 253:IJ626-}J633

Rane SG, Dunlap K (1986) Kinase C activator L,2-oleoylacetylglycerol attenuates voltage-dependent

calcium current in sensory neurons. Proc Natl Acad Sci 83: 184-188

t82



Rapopott RM, Draznin MB, Murad F (1983) Endothelium-dependent relaxation may be mediated

through cyclic GMP-dependent protein phosphorylation (abstract). Clin Res 3L: 526A

Rapoport RM, Murad F (1983) Agonist-induced endothelium-dependent relaxarion in rat thoracic

aofta may be mediated through cGMP. Ci¡c Res 52:352-357

Rapoport SI (1976) Blood-brain barrier in physiology and medicine. Raven, New Yorþ pp66-70

Rasmussen H, Forder J, Kojima I, Scriabine A (1984) T?A-induced contraction of isolated rabbit

vascular smooth muscle. Biochem Biophys Res Commun 122:776-784

Rees DD, Palmer RMJ, Hodson lIF, Moncada S (1989a) A specific inhibitor of nitric oxide formation

from L-arginine attenuates endothelium-dependent relaxation. Br J Pharmacol 96: 418-424

Rees DD, Palmer RMJ, Moncada S (1989b) Role of endothelium-derived nitric oxide in the regulation

of blood pressure. Proc Natl Acad Sci USA 86: 3375-3378

Reeves JP (1985) The sa¡colemmal sodium-calcium exchange system. Curr Top Membr Transport 25:

77-r27

Reilly IAG & Fitzgenld GA (1988) A"pi¡in in cardiovascular diseases. D*g 35: 154-176

Rembold CM, Murphy RA (1988) Myoplasmic lCaz 
*l 

determines myosin phosphorylation in

agonist-stimulated swine a¡terial smooth muscle. Circ Res 63: 593-603

Resink TJ, Scott-Burden T, Buhler FR (1988) Endothelin stimulates phospholipase C in cultured

vascula¡ smooth muscle cells. Biochem Biophys Res Commun 157: 1360-1368

Resink TJ, Scott-Burden T, Buhler FR (1989) Activation of phospholipase A2 by endothelin in cultured

vascular smooth muscle cells. Biochem Biophys Res Commun L58:279-286

Reynolds EE, Mok LLS, Kurokawa S (1989) Phorbol ester dissociates endothelin-stimulated

phosphoinositide hydrolysis and arachidonic acid release in vascular smooth muscle cells. Biochem

Biophs Res Commun 160: 868-873

Rodman DM, Yamaguchi T, Hasunuma K, O'Brien RF, McMurtry iF (1990) Effects of hypoxia on

endothelium-dependent relaxation of rat pulmonary artery. Am J Physiol 258: L2O7-L2I4

Rodman DM, Yamaguchi T, O'Brien R, McMutry IF (1988) Methylene blue enïances hypoxic

conúaction in isolated rat pulmonary arteries. Chest 93: 93S-94S

Rosenblum WI (1985) Corrstricting effect of leukotrienes on cerebral arte¡ioles of mice. Stroke 16:

262-263

Rosenblum S/I (1986) Endothelium dependent relaxation demonstrated in vivo in cerebral arterioles.

Stroke L7:494-497

183



Rosenblum wI (1987) Hydroxyl radical mediates the endothelium-dependent relaxation produced by

bradykinin in mouse cerebral arterioles. Circ Res 61: 601-603

Rosenblum WI, Nelson GH, Povlishock JT (1987) Laser-induced endothelial damage inhibits

endothelium-dependent relaxation. Circ Res 60: 169-176

Rosenblum WI, Nelson GH, Weinbrecht P (1990) Histamine elicits competing endothelium-dependent

constriction and endothelium-independent dilation in vivo in mouse cerebral a¡terioles. Stroke2l:

305-309

Ross cA, Meldolesi J, Milner TA, Satoh T, supattapone S, snyder sH (1989) Inositol

1,4,5-trisphosphate receptor localized to endoplasmic reticulum in cerebellar Purkinje neurons.

Natu¡e 339:468-47O

Roy CW, Sherrington CS (1890) On the regulation of the blood supply of the brain. J Physiol (Lond) 11:

85-108

Rubanyi GM (1988) Endothelium-dependent pressure-induced contraction of isolated canine carotid

arteries. Am J Physiol255: H783-H788

Rubanyi GM (1989) Maintenance of "basal" vascular tone may represent a physiological role for

endothelin. J Vasc Med Biol l: 315-316

Rubanyi GM, Freay AD, Kauser K, Johns A, Harder DR (1990) Mechanoreception by the

endothelium: mediators and mechanisms of pressure- and flow-induced vascular responses. Blood

Vessels 27:246-257

Rubanyi GM, Parker-Botelho LH (1991) Endothelin. FASEB I 5:2713-1720

Rubanyi GM, Romero JC, Vanhoutte PM (1986) Flow-induced release of endothelium-derived relaxing

factor. Am J Physiol 25O: Hll45-HLl49

Rubanyi GM, Vanhoutte PM (1985) Hypoxia releases a vasoconstrictor substance from the canine

vascula¡ endothelium. J Physiol (Lond) 364:45-56

Rubanyi GM, Vanhoutte PM (i986) Oxygen-derived free radicals, endothelium, and responsiveness of

vascula¡ muscle. Am J Physiol 250: H815-H821

Rubin J, Rubin L, Mason T, Light R, Deedwania P, 'Weber K (1987) Effects of nitredipine on

hemodynamics and oxygen trar¡sport in patients with pulmonary disease. J Cardiovasc Pharmacol 9

(Suppl.): 313-316

Rubio R, Beme RM, Boclanan EL, Cu¡nisk RR (i975) Relationship between adenosine concentration

and oxygen supply in rat brain. Am J Physiol22S: HL896-HL9O2

Ruegg JC (1988) Calcium in muscle activation. New York springer-Verlag, pp L-285

t84



Ruzycþ AI, Morgan KG (1989) Involvement of protein kinase C system in calcium-force relationships

in ferret aorta. Br J Pharmacol 97:.391-4OO

Saida K, Mitsui Y, Ishida N (1989) A novel peptide, vasoactive intestinal contractor, of a new

(endothelin) peptide family. J Biol Chem 264: L4613-14616

Saida K, Twort C, van Breemen C (1988) The specific GTP requirement for inositol
1,4,5-trisphosphate-induced Ca2 

* 
release from skinrred vascular smooth muscle. J Ca¡diovas

Pharmacol 12 (Suppl.5): S47-S50

Saida K, van Breemen C (1987) GTP requirement for inositol-1,4,5-trisphosphate-induced Ca2 
*

release from sarcoplasmic reticulum in smooth muscle. Biochem Biophys Res Commun L44:.

1313-1316

Saito K, I-evine L, Moskowitz M,A. (1988) Blood components contribure to rise in gerbil brain levels of

leukotriene-like immunoreactivity after ischemia and reperfusion. Stroke 19: 1395-1398

Sakaki T, Murota S, Wakai S, Asano T, Sano K (1981b) Evaluation of prostaglandin biosynthetic

activity in canine basilar artery following subarachnoid injection of blood. J Neurosurg 55:771-778

Sakaki T, Wakai S, Asano T, $/atanabe T, Kirino T, Sano K (1981a) The effect of lipid hydroxyperoxide

of arachidonic acid on the canine basila¡ artery. An experimental study on cerebral vasospasm. J

Neurosurg 54 357-365

Sakuma I, Gross SS, Levi R (1987) Peptidoleukotrienes induces an endothelium-dependent relaxation

of guinea pig main pulmonary artery and thoracic aorta. Prostaglandins 34:-685-696

Sakurai T, Yanagisawa M, Takuwa Y, Mitazaki H, Kimura S, Goto K, Masaki T (1990) Cloning of a

cDNA encoding a nonisopeptide-selective subtype of the endothelin receptor. Nature 348: 732-735

Salvaterra CG, Rubin LJ, Schaeffer J, Blaustein MP (1989) The influence of the transmembrane

sodium gradient on the tesponses of pulmonary a¡teries to decreases in oxygen tension. ,{m Rev

Respir Dis 139: 933-939

Samaha FF, Heineman FW, Fleming J, Ince C, Balaban RS (1991) The ATP-sensitive potassium

char¡¡¡el plays a major role in maintaining basal coronary tone (abstract 562). Procedings of 5th

'V/orld Congress for Microcirculation. P94

Sawamura T, Kimura S, Shinmi O, Sugita Y, Yanagisawa M, Masaki T (i989) Analysis of endothelin

telated peptides in culture supematant of porcine aortic endothelial cells: evidence for biosynthetic

pathway of endothelin-l. Biochem BiophysRes Commun 162: 1287-1294

Schmid-Antomarchi H, de Weille Jr, Fosset M, Lazdunski M (1987) The antidiabetic sulphonylurea

glibenclamide is potent blocker of the ATP-modulated K* channel in insulin-secreting cells.

Biochem Biophys Res Commun 146:-2L-25

185



Schneidet W, Wahl M, Kischinsþ W, Thurau K (1977) The use of microelect¡odes for measurement of

local H* activity in the cortical suba¡achnoid space of cats. Pflugers Arch372;103-107

Seagar MI, Takahashi M, Catterall V/A (1988) Molecula¡ properties of dihydropyridine-sensitive

calcium channels. Ann ¡ry Acad Sci 522: 162-L75

Seiler SM, Amold AJ, Stanton HC (i987) Inhibitots of inositol trisphosphate-induced Ca2 
* 

release

from isolated platelet membrane vesicles. Biochem Pharmacol 36 333L-3337

Severini L (1878) Ricerche Sulla Innervazione dei Wsi Sanguini. Perugia.

Shah J, Pant HC (1988) Potassium-channel blockers inhibit trisphosphate-induced calcium release in

the microsomal fraction isolated from the rat brain. Biochem I 25O:6L7-620

Shears SB (1989) Metabolism of the inositol phosphates produced upon receptor activation. Biochem J

260:313-324

Shikano K, Ohlstein EH, Berkowitz BA (1987) Differential selectivity of endothelium-derived relaxing

factor and nitric oxide i¡ smooth muscle. Br J Pharmacol 92: 483-485

Shimizu T, Izumi T, Seyama Y, Tadokoro K, Radmarks O, Samuelsson B (1986) Cha¡acterization of

leukotriene A4 synthase from murine mast cells: evidence for its identity to arachidonate

S-lipoxygenase. Proc Natl Acad Sci USA 83:4175-4L79

Shuster DP, Denrris DR (1987) Leukotriene inhibitors do not block hypoxic pulmonary vasoconstriction

in dogs. J Appl Physiol 62: 1808-1813

Siegel G (L982) The effect of extemal pH changes on Na* and K* permeabilities in the smooth muscle

fibre membrane of canine cerebral vessels. J Physiol (Lond) 329: 56P-57P

Siegel G, Kampe C, Ebeling BJ (1981) pH-dependent myogenic control in cerebral vascular smooth

muscle. In Cerebral Microcirculntion and Metabolism edited by Cervos-Navarro J, Firtschka E. New

York: Raven Press, pp2lj-226

Silver IA (1978) Cellular microenviroment on relation to local blood flow. In Elliott K, O'Connor M

(eds): Cerebral vascula¡ smooth muscle and its control, Ciba Foundation Symposium 56. New

York Elsevier, pp49-61

Simonson MS, Dunn MJ (1990a) Cellula¡ signaling by peptides of the endothelin gene family. FASEB J

4:2989-30OO

Simonson MS, Dunn MJ (i990b) Endothelin: pathways of ttansmembrane signaling. Hyperterrsion 15

(Suppl. 1): I5-I12

186



Simonson MS, Wann S, Mene P, Dubyak GR, Kester M, Nakazato Y, Sedor JR, Durur MJ (1989)

Endothelin stimulates phospholipase C, Na+/H+ excharfe, c-fos expression, and mitogenesis in

rat mesangial cells. J Clin Invest 83:.7O8-7L2

Singer HA, Peach MJ (1983) Endothelium-dependent relaxation of rabbit aorta. I. Relaxation

stimulated by arachidonic acid (AA). J Pharmacol Exp Ther 227:79O-795

Singer HA, Saye JA, Peach MJ (1984) Effects of cytochrome P-450 inhibitors on endothelium

dependent relaxation of rabbit aorta. Blood Vessels 2L: 223-230

Siskind MS, McCoy CE, Chobanlan A, Schwartz fH Q989) Regulation of intracellular calcium by cell

pH in vascula¡ smooth muscle cells. Am J Physiol256: C234-C24O

Skirrhoj E (1966) Regulation of cerebral blood flow as single function of the interstitial pH i¡ the brain.

A Hypothesis. Acta Neurol Scand 42: 601-607

Sok¡ab TEO, Johansson BB, Kalimo H, Olsson Y (1988) Transient hypertensive opening of the

blood-brain barier can lead to brain damage. Acta Neuropathol (Burlin) 75: 557-565

Somlyo AP (1985) Excitation-contraction coupling and the ultrastructure of smooth muscle. Circ Res

57:497-5O7

Somlyo AP, Somlyo AV (1986) Electron probe analysis of calcium content and movements in

sarcoplasmic reticulum, endoplasmic reticulum, mitochondria, and cytoplasm. J Cardiovasc

Pharmacol 8 (Suppl. 8): S42-S47

Sperelakis N (1990) Properties of calcium cha¡lrrels in ca¡diac muscle and vascular smooth muscle. Mol

Cell Biochem 99:97-lO9

Stahl GL, Lefer AM (1987) Heterogeneity of vascula¡ smooth muscle responsiveness to lipid vasoactive

mediators. Blood Vessels 24:24-3O

Standen NB, Quayle IM, Davies NW, Brayden JE, Huang Y, Nelson MT (i989) Hyperpolarizing

vasodilators activate ATP-sensitive K* cha¡nels in arterial smooth muscle. Science 245: L77-l8O

Stemweis PC (1986) The purified ø subunits of Go and Gi from bovine brain requires By for association

with phospholipíd vesicles. J Biol Chem 261: 63L-637

Strandgaard S, Olesen J, Skinhoj E, Lassen NA (1973) Autoregulation of brain circulation in severe

arterial hypertension. Br Med J 1: 507-510

Sruart MJ, Setty BNY, Walenga RW, Graeber JE, Ganley C (1984) Effects of hypetoxia and hypoxia on

vascula¡ prostacyclen formation in vitro. Pediatrics 7 4: 548-553

Stull JT, Gallagher PJ, Herring BP, Kamm KE (1991) Vascular smooth muscle contractile elements

cellula¡ regulation. Hypertension l7 : 7 23 -7 32

187



Sutherland EV/, Rall TW (1958) Fractionation and characterization of a cyclic adenosine

ribonucleotide formed by tissue particles. J Biol Chem 232: LO77-L09I

Suzuki H (1988) The electrogenic Na-K pump does not contribute to endothelium-dependent

hyperpolarization in the rabbit ear artery. Eur J Phamacol 156: Z9S-297

Suzuki H, Chen G (1990) Endothelium-derived hyperpolarizing factor (EDHF): an endogenous

potassium-channel activator. Intl U Physiol Sci 5: 2I2-2L5

Suzuki H, Inomata H (1981) The ionic mechanism of excitation in intestinal smooth muscle cells.

Advances in Biophysics 14:239-256

Suzuki Y, Lederis, Huang M, LeBlanc FE, Rorstad OP (1983) Relaxation of bovine, porcine, and

human brain arteries by parathyroid hormone. Life Sci 33:.2497-2503

Tagari P, Du Boulay GH, Aiken V, Boullin DJ (1983) Leukotriene D¿ and cerebral vasculatu¡e in vivo

and in vitro. Prostagl Leukotr Med 11: 28L-297

Takagi Y, Fukase M, Takata S, Yoshimi H, Tokunaga O, Fujita T (1990) Autocrine effect of endothelin

on DNA synthesis in human vascula¡ endothelial cells. Biochem Biophys Res Commun 168:

537-543

Takahashi K, Hiwada K, Kokubu DR (1988) Vascular smooth muscle calponin: A novel troponin T-like

protein. Hypertension LL: 62O-626

Takeda K, Schini V, Stoeckel H (1987) Voltage-activated potassium, but not calcium currents in

culrured bovine aortic endothelial cells. Pflugers A¡ch 410: 385-393

Takuwa Y, Rasmussen H (1937) Measurement of cytoplasmi c free Ca2 
* 

concentration in rabbit aorta

using the photoprotein, aequorin. J Clin Invest 80:248-257

Tamaki K, Heistad DD (1986) Response of cerebral arteries to sympathetic stimulation during acute

hypertension. Hypertension 8: 9 ll-9 L7

Tarsey MG, Hori M, Karaki H, Kamm KE, Stull JT (1990) Okadaic acid uncouples myosin light chain

phosphorylation and tension in smooth muscle. FEBS Lett 27O: 219-221

Taylor DA, Bowman BF, Stull JT (1989) Cytoplasmic Ca2 
* is a primary determinant for myosin

phosphorylation in smooth muscle cells. J Biol Chem 264l. 6206-6213

Taylor SG, Weston AH (1988) Endothelium-derived hyperpolarizing factor: A new endogenous

i¡hibitor f¡om the vascular endothelium. Trend Pharm Sci 9: 272-274

Thomas HM m, Sourour MS, Lopez D, Foster SH (1989) Antagonism of leukotriene receptors and

administration of a 5-lipoxygenase inhibitor do not affect hypoxic vasoconstriction. Lung 167'.

187-198

188



Toda N, Hatano Y, Hayaski S (1978) Modifications by sttetches of the mechanical response of isolated

cetebral and extracerebral arteries to vasoactive agents. Pflugers Arch374:73-77

Todd NV, Picozzi P, Crockard HA (1986) Quantitative measurement of cerebral blood flow and

cerebral blood volume after cerebral ischemia. J Cereb Blood Flow Metab 6: 338-341

Tohse N, Kameyama M, Irisawa H (1937) Intracellula¡ Ca2 
* 

and protein kinase C modulate K*
current in guinea pig heart cells. Am J Physiol 253: HI32L-HL324

Trysfrnan RI, Fitzgerald RS, Loscutoff SC (L978) Cerebral circulatory responses to arterial hypoxia in

normal and chemodenervated dogs. Circ Res 42: 649-657

Tucker A, McMutry I, Mason T, Grover R, Reeves I (1976) Attenuation of hypoxic pulmonary

vasoconstriction by verapamil in intact dogs. Proc Soc Exp Biol Med 151: 611-614

Tweed A, Cote J, Lou H, Gregory G, Wade J (1986) Impairment of cerebral blood flow autoregulation

in the newbom lamb by hypoxia. Pediatr Res 20: 516-519

van de Voorde J, Leusen I (1983) Role of Endothelium in the vasodilator response of rat thoracic aorta

to histamine. Eu¡ J Pharmacol 79: 531-541

Vanhoutte PM (1976) Effects of anoxia and glucose depletion on isolated veins of the dog. Am J

Physiol 230: 1261-1268

Va¡houtte PM (1987) The end of the quest? Nature 327: 459-460

Vanhoutte PM, Rimele TJ, Flavahan NA (1985) Lipoxygenase and calcium entry in vascula¡ smooth

muscle. J Cardiovasc Pharmacol 7 (Suppl. 6): S47-S52

Vanhoutte PM, Rubanyi GM, Miller VS, Houston DS (1986) Modulation of vascula¡ smooth muscle

contraction by the endothelium. Annu Rev Physiol 48:3O7-32O

Vedernikov YP, Hellstrand P (1989) Effects of reduced oxygen tension on endothelium-dependent

relaxation induced by acetylcholine differ in rabbit femoral artery and jugular vain. Acta Physiol

Scand 135:343-348

Viga C, Lewis GP, Piper PJ (1980) Mechanisms of i¡hibition of phospholipase 42. Biochem Pharmacol

29:623-627

Vigne P, Breittmayer JP, Prelin C, Lazdunski M (1988) Dual control of the intracellular pH in aortic

smooth muscle cells by a cAMP-sensitive HCOgTCI- antiporter and p protein kinase C-sensitive

Na* ¡H* antiporter. J Biol Chem 263: 18023-18029

Vigne P, Marsault R, Breittmayer IP, Frelin C (1990) Endothelin stimulates phosphatidylinositol

hydrolysis and DNA synthesis in brain capillary endothelial cells. Biochemistry 266: 4I5-42O

189



Vila JM, Martin-de-Aguilera E, Martinez MC, Rodriguez ÌvlD, Irur¿un A, Lluch S (1990) Endothelin

action on goat cerebral arteries. J Pharm Pharmacol 42:370-372

V/agner B, Schachtele C, Marme D (1987) Phorbol 12,13-dibutyrate-induced contraction of isolated

¡abbit vascular smooth muscle. Eur J Pharmacol 140: 227-232

Wahl M, Kuschinsþ W (1976) The dilatory action of adenosine on pial a¡teries of cars and its inhibition

by theophylline. Pflugets Arch 362: 55-59

Wahl M, Kuschirrsþ W (1979) Unimportance of pedvascular H* arrd K* activities for the adjusrrnent

of pial arterial diameter during changes of a¡terial blood ptessure in cats. Pflugers Arch 382:

203-208

'Wakabayashi T, Ozawa S, Arai J, Takai M, Koshihara Y, Murota S (1987) Antiallergic action of

Tlvn<-777, a leukotriene biosynthesis inhibitor. In Advances in Prostaglandin, Thromboxane and

Leukotriene Research, ed. by B. Samuelssos, R. Paoletti and PW. Ramwell, Vol 17: 186-188, Raven

Press, New York

Waldman SA, Murad (L987) Cyclic GMP synthesis and function. Pharmacol Rev 39: L63-L96

Vy'ang BC, Share L, Guyton JT, Kimura T (1981) Changes in vasopressin concentration in pressure and

cerebrospinal fluid in respolìse to hemorrhage in anesthetized dogs. Neuroendocrinology 33: 6L-66

Watanabe T, Morita I, Nishi H, Murota S-I (1988) Preventive effect of MCI-186 on IS-IIPETE induced

vascula¡ endothelial cell injury in vitro. Prostaglandins Leukot Essential Fatty Acids (PG LT Med)

33:81-87

'Wei EP, Ellis EF, Kontos HA (1980) Role of prostaglandins in pial arteriolar response to COz and

hypoxia. Am J Physiol 238 : H226 -fl230

Wei EP, Kontos HA (1990) HzOz and endothelium-dependent cerebral arteriola¡ dilation: Implications

for the identity of endothelium-derived telaxing factor generated by acetylcholine. Hypertension

16:162-169

Wei EP, Kontos HA, Ch¡istrnan CW, DeWitt DS, Povlshock JT (i985) Superoxide generation and

reversal of acetylcholine-induced cerebral arteriolar dilation after acute hypertension. Circ Res 57:

781-787

Wei EP, Povlishock JT, Kontos HA (1986) Role of hydroxyl tadical in the cerebral arteriolar

abnormalities from arachidonate (abstract). Proc Int U Physiol Sci 16: 449

Wei EP, Thames MD, Kontos HA, Patterson JL (L974) Inhibition of the vasodilator effect of

hypercapnic acidosis by hypercalcemia in dogs and rats. Ci¡c Res 35: 890-895

Wei HM, Kang YH, Menill GF (1989) Canine coronary vasodepressor responses to hypoxia are

abolished by 8-phenyltheophylline. Am J Physiol25T: H[Q43-H1048

190



Williamson JR, Cooper RH, Joseph SK, Thomas AP (1985) Inositol triphosphate and diacylglycerol as

intracellular second messengers in liver. Am J Physiol24S: CZO3-C216

Winder SJ, Walsh MP (1990) Smooth muscle calponin: Inhibition of actomyosin Mg¿Tpase and

regulation by phosphorylation. J Biol Chem 265: 10148-10155

Winn HR, Rubio GR, Beme RM (1979) Brain adenosine production in the rat during 60 seconds of

ischemia. Ci¡ Res 45:. 485-492

WiffI HR, Rubio GR, Bem RM (1981a) Bnin adenosine concentration during hypoxia in rae. Am J

Physi ol 24 | : If23 5 -lÐ42

Wiffi I{R, Rubio GR, Curnish RR, Beme RM (1981b) Changes in regional cerebral blood flow (rCBÐ

caused by increase in CSF concentrations of adenosine (ADO) and 2-chloroadenosine

(CHL-ADO). J Cereb Blood Flow Metab l(Suppl. l): S40l-S402

Winn HR, Welsh JE, Rubio R, Beme RM (1980) Brain adenosine production in rat during sustained

alteration in systemic blood pressure. Am J Physiol 239: H636-H641

Winquist RI, Bunting PB, Lumma PK, Garsþ VM, Scott AI, Vlasuk GP (1990) Depressor response to

endothelin in normotensive and hypertensive taats. In Endotheliutn-Derived Contracting Factors.

(Rubanyi GM and Vanhoutte PM ed.) pp 104-109, Karger, Basel.

'Wittmann G, Peakar BM, Edelmann M, Muller KM, Simmet T, Peskar BA (1987) Formation of

cysteinyl-containing leukotrienes by human arterial tissue. Prostaglandins 33: 591-598

'Wormald A, Bowmer CJ, Yates MS, Collis MG (1989) Pharmacokinetics of 8-phyenyltheophylline in

the rat. J Pharm Pharmacol 4I: 4L8-42O

Wray S (1988) Smooth muscle int¡acellular pH: measurement, regulation, and function. Am J Physiol

254:C213-C225

'Wu PH, Phyillis l'ü/ (1982) Uptake of adenosine by isolated rat brain capillaries. J Neurochem 38:

687-6m

'Wysham DC, Brotherton AF, Heistad DD (1986) Effects of forskolin on cerebral blood flow:

Implications for a role of adenylate cyclase. Stroke I7: 1299-13O3

XiongZ, Kajioka S, Sakai T, Kitamura K, Kuriyama H (1991) Pinacidil inhibits the ryanodine-sensitive

outward current and glibenclamide antagonizes its action in cells from rabbit portal vein. Br J

Pharmacol IO2:788-790

Yanagisawa M, Kurihara H, Kimura S, Mitsui Y, Kobayahi M, Vy'atanabe TX, Masaki T (1988) A novel

potent vasoconstrictor peptide produced by vascular endothelial cells. Nature 332:- 4IL-4L5

191



Yanagisawa M, Masaki T (1989) Endothelin, a novel endothelium-derived peptide. Biochem

Pharmacol 38: L87 7 4.883

Yang ST, Mayhan WG, Heistad DD (1989) Responses of pial arterioles to bradykinin, nitric o¡1ide and

nitroglycerin during chronic hypertersion (abstract). FASEB J 3: 4846

Yatani A, Cordina J, Imoco Y, Reeves JP, Birnbaumer L, Brown AM (1987) G protein directly

regulates mammalian cardiac calcium cha¡nels. Science 238l. 1288- L292

Ying-Ou LI, Fredholm BB (1985) Adenosine analogs stimulate cyclic AMP formation in rabbit cerebral

microvessels via adenosine A2-receptors. Acta Physiol Scand 124: 253-2,59

Yokota M, Tani E, Maeda Y (1989) Biosynthesis of leukotrienes in canine cerebral vasospasm. Stroke

20:527-533

Yokota M, Tani E, Maida Y, Kokubu K (1987) Effect of S-lipoxygenase inhibitor on experimental

delayed cerebral vasospasm. Stroke 18: 512-518

Yokota M, Tan-i E, Marda Y (1989) Biosynthesis of leukotrienes in canine cerebml vasospasm. Stroke

2O:527-533

Yoshimoto S, Ishizaki Y, Kurihara H, Sasaki T, Yoshizumi M, Yanagisawa M, Yazal<t Y, Masaki T,

Takakura K, Murota S (1990) Cerebral microvessel endothelium is producing endothelin. Brain

Res 508: 283-285

Yoshimoto T, Tokotama C, Ochi K, Maki Y, Ashida Y, Terao S, Shiraishi M (1982)

2.3.5-Ttimettrl-6-(i2-hydroxy-5,10-dodecadiynyl)-1,4-benzoquinone (4,4'861), a selective inhibitor

of the SJipoxygenase reaction and the biosynthesis of slow-reacting substance of anaphylaxis.

Biochem Biophys Acta 7 13: 47 0-47 3

Yoshitake K, Hirano K, Kanaide H (1991) Effects of glibenclamide on cytosolic calcium concentrations

and on contraction of the rabbit aorta. Br J Pharmacol 102: ll3-l18

Young MA, Vatner SF (i987) Blood flow- and endothelium-mediated vasomotion of iliac arteries in

conscious dogs. Circ Res 61 (Suppl. tr): tr88-tr93

Zawadzl<t rV, Cherry PD, Furchgott RF (1980) Comparison of endothelium-dependent relaxation of

rabbit aorta by /c3L87 and by acetylcholine (abstract). Phatmacologist 22: 271

Zettersttom T, Vemet L, Ungerctedt U, Tossman U, Jonzon B, Fredholm BB (1982) Purine levels in

the intact rat brain. Studies with an implanted perfused hollow fiber. Neurosci Lett 29: LII-Iß

r92




