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ABSTRACT

1. Rings ofcanine basilar artery, suspended in vitto, conlract reversiblyin response to hypoxia (9570

Nz/57o CO2). These contractions are calcium-dependent because they are blocked by reduction

of external Ca with EGTA (2.5x10-3 M¡ or by treatment of the prepâration with the calcium entry

blocker, verapamil (5x10-6 M). This is in contrast to cerebral vessels ¿ø viyo which dilate in

response to hypoxia. My first objective in these studies was to better charccterize this hypoxic

contraction by examining the effects of various agents and manipulations, There is some con-

troversy regarding the role of endothelial cells in this response. Therefore, my second objective

was to determine the role ofendothelium in hypoxic contraction.

2. Mechanical or chemical removal of the endothelium, did not abolish hypoxic contractions. Indeed

hypoxic contraction of the canine isolated basilar ârtery is only partially, if at all, dependent on

the endothelium. Effectiveness ofthe removal ofendothelium was confirmed by the reversal of

vasodilator resPonses to vasopressin and acetylcholine, and by scanning electron microscopy.

3. Experiments were undertaken to determine the role of altered ionic concentrations on hypoxic

contraction. Withdrawal ofsodium from the buffer bathing the tissue prevented hypoxic contrac-

tions completely, and this was reversed by readdition of sodium. Whether absence of Na+ per.se

or a secondary reductíon in membrane depolarization resulting fJom this is the mechanism, is not

certain.

4. Studies were conducted to determine the effect of lipoxygenase inhibition on hypoic contraction.

Contractions were blocked by treatment of the vessel with inhibitors of liporygenase. Nor-



dihydroguaiaretic acid (NDGA, 5x10-6 M) treatment reduced hypoxic contraction. This suggests

that hypoxic contraction is some how mediated by products of the lipoxygenase pathway. The

augmentation of KCI (2.5x10-2 M)-induced contraction byh¡poxia, however, was not significantly

affected by lipoxygenase inhibition. This demonstrates that contraction due to partial depolariza-

tion of the muscle membrane is additionally increased by hypoxia.

5, In an effort to relate in vitro hypoxic contraction to the ín vivo response, the effect of a neurohumoral

vasodilator on this contraction was studied. Ofclinical importance is the observation that hypoxic

contraction is prevented and even reversed by treatment with adenosine, an agont know¡ to be

released lz viuo during hypoxia. Adenosine (5x10-6 M) applied at the peak of hypoxic contraction

caused a complete relâxation of the vessel. Pretreatment with adenosine also inhibited hypoxic

contraction in a dose-dependent manner.

6. Contractions due to hypoxia are augmented bypretreatment of the muscle with the dihydropyridine

calcium channel agonist, BAY K 8644 (5x10-11 M), indicating that voltage-gated calcium channels

play some role in this contraction. Hypoxic contractions are not inhibited by phentolamine,

propranolol, 6-OH dopamine, methysergide or indomethacin (10-5 M). However they are

abolished bytreatmont with hydroquinone (5x10'5 M), an agent reported to abolish endothelium-

mediated relaxant responses in vascular preparations.

7. The resting tone of the vessel is primarily passive and, therefore, not dependent on câlcium flux.

Upon hypoxia, breakdown of membrane phospholipids occurs. It could be reasoned that the

potassium effluxand subsequent sodium influxseen during hypoxia causes depolarization leading

to some influx of calcium through voltage-gated channels, and this might trigger activation of

phospholipase Az which may lead to generation of arachidonic acid. This stimulates 5-



lipoxygenase, which produces some unknown mediator (e.g. leukotriene(s))which further in-

creases calcium influx. Perhaps this mediator also partially depolarizes the membrane and this

facilitates the large depolarization produced at the muscle membrane byhypoxia. The combined

effect produces a contraction which is not wholly dependent on endothelial factors, but is

dependent on sodium influx and is blocked by hydroquinone, lipoxygenase inhibition, and by

adenosine, It is possible that the release ofadenosine in vívo d,uring anoxia counteracts the effect

of this liporygenase-produced mediator and masks the constriction with a more powerful dilata-

tion. This would become impor!ânt if adenosine production was compromised or blocked during

an hypoxic episode.



INTRODUCTION

OBJECTIVES

Knowledge of the effects of hypoxia on tho cerebral vasculature is important for under-

standing the pathoph¡.siology of altered cerebral blood flow (CBF) after hypoxia/ischemia.

Tissue is considered to be in a state of hypoxia when its orygen supply is reduced below

normal, although, perfusion of the tissue maybe normal.Ischemia is the condition ofdecreased

oxygen supply due to decreased perfusion (Braunwald & Sobel, 1980).

The objectives of this thesis are:

1. To assess the pharmacological agents that influence the responses of basilar artery

segments to hypoxia. This is important because the vascular responses to hypoxia are different

in the in vifin compared to the in vivo condition.

2. To determine the effect of hypoxia on the responses of basilar artery segments to

vasoactive agents,

3. To determine the role of endothelium in hypoxìc contraction of this vessel and of the

role of K channels in the endothelially-mediated response.

Factors which affect Cerebral blood flow (CBF)

Factors that affect the diameter ofcerebral arteries and arterioles intimately affect blood

flow to the brain. Cerebral vascular tone and hence CBF is influenced by the partial pressure

ofcarbon dioxide (PaCOz), the partial pressure of orygen (P¡O2), and metabolic end products



in the environment ofthe cerebral vessels. Intrinsic myogenic responses to pressure and flow,

and extrinsic neurogenic influence through innervation may âlso alter cerebrovascular tone,

Reduction in PaCOz, hypocapnia, leads to vasoconstriction and decreased CBF (Raper et

al.,l97l;Busija et a1.,1981), whereas elevation in P¿CO2, hypercapnia, results in vasodilata-

tion and increased CBF (Raper et a1.,1,977; Busija & Heistad, 1981). These responses occur

as a result of changes in ext racellular fluid (ECF) hydrogen ions [H+ ], caused by co2 d iffrrsing

across the blood-brain barrier. Acidosis has been shown to dilate, while alkalosis has been

shown to constrict cat pial arteries (Kuschinsky er a 1., 1972; Schneider et aL, 1971).

An hypoxic episode caused by a fatl in PaOz, leads to cerebral vasodilatation and a

concomitant increase in cBF in newborns and adults alike (Jones er a 1.,1,978, 1981.; Busija &

Heistad, 1981). Such a response occurs within 30-60 s ofonset ofhypoxia (Nilsson el ø/., 1975;

Busija & Heistad, 1981). This process helps to maintain orygen delivery to cerebral tissue.

Adenosine

Adenosine levels in cerebral tissues increase during hypoxia (Nordstrom er a\.,1977 winn

et aL.,1979,1981; Phillis er a1.,1987). Adenosine also has potent vasodilatory properties on rat

pial arterioles (Morii et al., 1986; Winn e¡ al., 7981), cat pial arteries (Wahl & Kuschinsk¡

1976; Haller & Kuschinsk¡ 1987), and human arterioles (asjudged bymean arterial pressure

and PET scan measurements; Sollevi et aL, 1987). All of this evidence suggests a role for

adenosine in the hyperemia associated with cerebral hypoxia and ischemia. In support of this

hypothesis are reports that lhe increase in cBF during hypoxia, is attenuated by the adenosine

antagonist, theophylline (Emerson & Raymond, 1981; Morii etal., 1983). Topical application

of adenosine deaminase, the enzyme that metabolizes adenosine, greatly attenuates cerebral

hypoxic vasodilatation (Wei & Konros, 1981).



,Before assessing the direct effect of hypoxia on cerebral vascular smooth muscle, the

general physiological regulation of smooth muscle function will be reviewed.

SMOOTH MUSCLE

Ultrastructure and types of smooth muscle

Smooth muscle is composed of three different muscle filament types: thick (myosin, 14

nm), thin (actin, 6-8 nm), and intermediate (desmin or vimentin, 1 nm). The actin/myosin ratio

is approximately 15:1, which is much higher than in striated muscle (Somtyo et a1.,I984).The

two major types of mammalian smooth muscle are: multiunit and single unit. The visceral

smooth muscle is characterized by fibres which have close appositions with each other due to

gap junctions, Thus any stimulus is easily conducted to the nearby fibres. This type of smooth

muscle is found in most ofthe hollow organs ofthe body, e.g., the gut, the uterus, the ureters.

Multiunit smooth muscle is composed of discrete muscle fibres which are usually separately

innervated. This t¡pe of smooth muscle is found in the btood vessels and the iris of the eye

(Gulon, 1966). The remainder of this discussion will focus mainlyon the activation of vascular

tissue although many of the concepts are similar for all smooth muscle.

Vascular smooth muscle contraction

Activation of vascular smooth muscle is regulated byevents occurring ât the muscle plasma

membrane, For instance, depolarization of the muscle cell increases extracellular calcium

influx which results in tension development (Bolton 1979; Horn 1977; Yan Breemen et al.,

1979), agonist stimulation causes either a change in membrane potentiâl or increased ion

conductances via voltage-gâted or receptor-operated channels (Casteels er a/., 1977a; Harder

& Sperelakis, 1978, 1979). Changes in E¡ prior to agonist stimulation markedly affects the

sensitivity of the muscle (Casteels et al., 7977b; Haeusler 1978; Hermsmeyer et al., L9B1).



Tension development in arterial smooth muscle is closely related to changes in Em, such that

small membrane voltage changes can induce large tension changes (Harder & waters, 1984).

some agonists cause calcium influx through rec€ptor operated channels which are inde-

pondent of depolarization.

Excitation-Contraction Coupling and energr metabolism in vascular smooth muscle

In contrast to visceral smooth muscle, spike discharges rarely, if ever, occur in arterial

smooth muscle, therefore, spike discharges playlittle role in arterial tone (Fleckenstein, 1983).

Vascular smooth muscle contraction is initiated by an increase in intracellular calcium teading

to the formation of a calcium-calmodulin complex and subsequent activation of myosin light

chain kinase (Kamm et a1,,1987). This enzt'rne phosphorylates the light chain of myosin such

that it can interact with actin to hydrolyze ATP and cycle the crossbridges to cause shortening

or force (Johns et al., 1987),

The three primary mechanisms postulated for the entry of activator calcium are, the

calcium leak, the voltage-gated calcium channel, and the receptor-operated calcium channel

(Johns et al',1987). The first mechanism is partially blocked by inorganic calcium antagonists

such as Mn2+ and La3+ and can be responsible for contraction in smooth muscle if the calcium

sequestering sptem is compromised (Loutzenhiser et a\.,1985). The uptake ofcalcium can be

regulated by the potential across the membrane and this uptake is blocked by extracellular

calcium withdrawal or calcium chelation with EGTA. These voltage-gated calcium channels

are of two types: T (transient) and L (long-lasting) and are very sensitive to organic calcium

antagonists like nisoldipine (Worley et al., 1986). BAY K 8644 is a derivative of rhe 1,4-

dihydropyridine calcium channel antagonists such as nitrendipine, which actually enhances

calcium entry ând contracts smooth muscle (schramm et a1.,7983). Reports indicate that this



enhanc€ment ofcalcium current occurs as a result ofthe promotion ofmode 2, the open mode,

of the voltage-gated calcium channel by the drug (Hess et a1.,1984). In rabbit isolated aortic

rings this drug, BAY K 8644 (10-9- 10-7 M), caused dose-dependent contractions when the

preparation was partly depolarized with subthreshold KCI (1.5x102 M) (Franckowi ak et al.,

i985). The receptor-operated channels are stimulated by various chemical agonists released

ftom nerve terminals e.g., norepinephrine, or present in blood e.g., s-hydroxf ryptamine,

prostaglandins. This allows inward flux of calcium or causes release of a second messcnger

which can increase permeabilityof the membrane to calcium or cause release ofcalcium f¡om

internal stores. Two main sources of intracellular calcium release are the plasma membrane

(PM) and the sarcoplasmic reticulum (SR) with the SR being the major source (Bond e/ al.,

1984; Kowarski et al., 1985) and the inner surface of the PM contributing a minor component

once activation has begun (Saida & Van Breemen, 1987). It has been suggested that the Na+ -

Ca2+ exchange mechanism, which plals a large role in calcium handling in cardiactissue, does

not play an important role in tension regulation in smooth muscle (Casteels et al.,1985).

The maintenance of tone in smooth muscle requires a tight coupting between metabolism

and contractility because the store ofATP and phosþhocreatine is small relative to the rate of

utilization during contraction (P aul et a\.,1984). Without metabolic s1'nthesis of phosphagen,

the energy pool would be exhâusted in the first few moments of the contraction and the force

for tone could not be sustained (Paul er aL, 1984). Oxidative phosphorylation is the main

generator ofenergy, in the form ofATP, in vascular smooth muscle (Paul, 1980).

Some vessels d isplay spontaneous electricaI activity, e.g., mesenteric artery and portaI vein,

while others are electrically quiescent, e,g., pulmonary arteries (Speden, L970). The canine



basilar artery is electrically quiescent with a resting membrane potential of 49 mv with a very

minor contribution from an electrogenic Na+ ,K* -pump (Fujiwar a, et al.,I9B2).

The low density of alpha-adrenoceptors in cerebral vessels (Bell et aL, 1.985) probably

accounts for the lack of vasoconstrictor responses to norepinephrine (Fujiwara et al., r9g2).

Cerebral vessels exhibit relaxant responses to câtecholamines precontrâcted vessels (Ed-

vinsson & Owman, 1974). Treatment of basilar arteries with 5-HT (1x10-8 M) or ATp (1x10'5

M) depolarized the membrane, decreased the membrane resistance and produced dose-de-

pendent contractions (Fujiwara, et al., L982),

HYPOXIA AND SMOOTH M USCLE

Effects of hypoxia on non-cerebral vascular smooth muscle.

The reported effects of hypoxia on s).stemic vessels are varied and include attenuation of

agonist-induced contractions, transient relaxations followed by contractions, potentiation of

agonist-induced contractions, and direct activation of isolated vessels. Hypoxia and substrate

(glucose) depletion caused attenuation of contractions in rabbit aortic strips to epinephrine

(Furchgott, 1955). From this it was theorized that even under anaerobic conditions, a potent

stimulus can still contract a vessel ifenough glucose is present. A similar finding was reported

for potassium -induced contractions in the bovine carotid artery (Laszt, 1960). Hypoxia was

shown to significantly attenuate contractile responses to epinephrine, KCt, angiotensin II, his-

tamine, 5-hydroxytryptamine, acetylcholine, and BaClz, in rabbit aortic strips (Shibata &

Briggs, 1967; Needleman & Blehm, 1970; Altura & Altura, 1976). Isolated rabbit aorticstrips,

precontracted with phenylephrine 1i0-6M¡ (Nam m &Zucker,1973) or epinephrine (10-6g'l-1)

(Detar & Bohr, 1968), were reversibly relaxed by exposure to hypoxia. This relaxation became

significant only when the POz was dropped belorv 70 mm Hg.



Isolated hypoxic rabbit aortic rings exposed to transient normoxia, exhibited an initial

relaxation followed by contraction (Griesemer & coret, 1960). In isolated hypoxic helical

strips of rabbit aorta, exposure to epinephrine (3x10-6 M) caused contraction which was

subsequently relaxed on exposure to increasing POz (100 mm Hg) (Detar & Bohr, 1972). This

relaxation was reversed upon re-exposure to hypoxia and was referred to as hypoxia-induced

contraction and was either unaffected, or slight ly pote n t ia ted, by uncoupling electron transport

and oxidative phosphorylation with 2,4-d initrophenol (10-3 M). Isolated anorjc (OVo Oz)

canine coronary artery rings precontracted with K+ (2x10-2 M), exhibited further increases in

tension compared to K+ -induced contractions in the presence of 20vo 02(yanNueten ¿rcl.,

1980)' These same vessel segments exhibited transient but significant (1.35 + 0.67g) increases

in tension when made anoxic. In canine coronary rings precontracted v/ith 5-HT (4x10-7 M)

and norepinephrine (9.5x10-7 M ),hypona (95Vo Nzl5Vo COz) caused significant augmentation

ofthese responses (Van Nueten & Vanhoutte, 1980). In unstimulated strips ofcanine coronary

artery, severe hypoxia (PO2= 2mm Hg) induced a transient relaxation followed by a sustained

contraction, and this was accompanied by marked increases in potassium and norepinephrine

efflux (Borda et a1.,1980),

The response ofveins to hypoxia has also been studied. Isolated strips ofcanine mesenteric

and saphenous veins, precontracted wirh norepinephrine (1.5x10-8 M- 6x10-7 M) or KCI

(3x10-2 M- 5x10-2 M), were depressed by hypoxia (PO2 mm Hg), as were mesenreric strips

precontracted with acetylcholine (ACh; 5x10-7- 5x10-6 M). However, contractions to ACh in

saphenous vein strips\¡/ere potentiated byhypoxia (vanhoutte, 1976). The apparent contradic-

tions here may be explained by the nalure of the vessels i.e., arteries versus veins.

10



The response of pulmonary vessels to hypoxia is also vasoconstriction, von Euler and

Liljestrand (1946) first suggested that this was an inherent propertyofthe pulmonary vascula-

ture which resulted in decreased arterial pulmonary blood flow in the intact cat upon hypoxia.

They concluded that the decreased blood flow was the result of a direct action of anoxia on

the blood vessel wall. Hypoxia did not alwa¡n induce contractions in isolated pulmonary

vessels. Isolated helical strips of 4th and 51h order pulmonary arteries (1- 3 mm diameter),

suspended in physiological salt solution (PSS), exhibited no increase in contractility when

exposed to hypoia (5.8Vo - OVo Oz), and the contractile responses to electrical stimulation,

5-HT, norepinephrine, angiotensin II, acetylcholine, and KCl, were all depressed during

hypoxia (Lloyd, 1967).In a followup studyby Lloyd (1968), pulmonary arreries associared wirh

a thin layer ofparenchyma, did contract when exposed to hypoxia. This suggested that hypoxic

pulmonary constriction was secondary to some unknown hypoxic disturbance of the

parenchyma. Strips of rabbit pulmonary artery and aorta immersed in inert fluorochemicals

or humidified gas, to minimize washout of water-soluble materials f¡om the tissue, contracted

upon hypoxia in a reversible fashion (Lloyd, 1970). In another study, isolated rabbit pulmonary

ârteryand aortic strips equilibrated at 100mm H g for 2 hrs, exhibited anoxic(pOz= 0 mm Hg,

measured with an orygen macroelectrode) relaxation of epinephrine (10-7 M)-induced con-

tractions. In strips equilibrated at a PO2 of 20 mm Hg, anoxia (pO2= 0 mm Hg) augmented

contraction to epinephrine only in the pulmonary strips (Detar & Gellai, 1971). studies by

Harder (1985a, 1985b) demonstrared that isolated rings of small ( 3x10-4 m) pulmonary

arteries from cat developed active tension when exposed to hypoxia (pOz= 30-50 mm Hg),

and that these contractions resulted from direct smooth muscle membrane depolarization,

These findings tend to rule out any role for the parenchyma in the hypoxic pressor response.

In another study isolated rabbit lobar pulmonary artery ring segments ( 1.5- 2.5 mm diameter)

77



contracted upon hypoxiâ (POz= 11 mm Hg) and these contractions were not blocked by

procaine (10'3 M), phentolamine (10-6 M), isoprorerenol (10-s M), diphenhydramine, pGEr,

& atropine (10-6 M), or nitroglycerin (10-5 M) (ohe er at., r986).Isolated rat lung showed

hypoxic pressor responses when perfused with blood or plasma, but decreased or no pressor

reactivity when perfused with pss (Berkov, 1974; McMurtry, 19g4). since dexamethasone, a

synthetic glucocorticoid, significantly potentiated hypoxic vasoconstriction in pss-perfused

isolated rat lungs, a role for glucocorticoids in the response to hypoxia in this model was

proposed (Herget & McMurtry, rggT). A reversible hypoxia-induced fetoplacental

vasoconstriction has been demonstrated in sheep (stock et al., L9g0) and in isolated human

placental cotyledons (Howard et al.,l9B4;1987), indicatinga role for hypoxic vasoconstriction

in local fetoplacental blood flow regulation. Strips ofsaphenous vein incubated for 75 min in

glucose-free medium contracted upon exposure to hypoxia (pOzmm Hg) in a calcium_inde_

pendent manner (Vanhoutte, 1976).

Reversible development of tension by hypoxia and substrate depletion has also been

demonstrated, in canine trachealis (Kroeger & stephens, 1971; Bose, r97 6) and guinea pig

taenia coli (Bose & Bose, 1975; Knull & Bose, 1975). This increase in tension in the guinea

pig taenia coli (Bose & Bose, 1975; Knull & Bose, 1975) and in the canine trachea (Bose, 1976)

is insensitive to calcium chelation and has been postulated to be due to the development of

rigor' similarly, in glucose-depleted isolated rabbit pulmonary artery rings, hypoxia (poz= ¡0-

50 mm Hg) produced a contraction which was not blocked bycalcium channel blockade with

nifedipine (10-6 M) or calcium chelation with EcTA (10-3 M) (Ohe et at,, 1986)

In summary several unstimulated isolated non-cerebral vessel segments from dog, rabbit,

cat, and rat, oxhibit increases in tension when made hypoxic, In prestimulated vessels the
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evidence indicates that hypoxia causes augmentation in canine vessels, but attenuation in

rabbit vessels. Other smooth muscles such as taenia coli and trachea also respond to hypoxia

with a small increase in basaI tension, but diminished responses to stimulating agonists.

Effects of hypoxia on eerebral vascular smooth muscle

Little work has been done on the effects ofhypoxia on isolated cerebral arteries. All ofthe

previous studies except one indicate that hypoia induces or augments cerebral vascular

contraction. In isolated canine basilar arteryhypoxia augmented contractions to 5-HT (6.3x10-

10 
g rn1-1;, This effect was significantty attenuated by pretreatment with the calcium antagonist

flunarizine (4x10'8 g'ml-1) (Van Nueten et at., 1982).In isolated rings of canine basilar arter¡

10 min of hypoxia (PO2= 1 mm Hg) induced an increase in tension. This hypoxic contraction

was not abolished by phentolamine or propranolol (10-5 M), ketanserin (10-6 M), apyrase (0.g

U'ml-1), indomethacin or meclofenamate (10-5 M) (Katusic & Vanhoutte, 1986). Contractions

to PGFza (10'6 M), 5-HT (10-7 M), uTP (10-5 M), and KCI (3x10-3 M) were porenriated by

hypoxia, on the other hand, relaxation to vasopressin (10-7 M) was completely abotished by

hypoxia while relaxation to thrombin 1r u'ml'l) was converted to a contraction by hypoxia

(Katusic & vanhoutte, 1986). Mallick et al., (1987) demonstrared thar in basilar rings

pretreated with the K+ -conductance inhibitor, 4-aminopgidine (10-3- OxtO-3 Vt¡, hypoxia

(POz mm Hg) induced an increase in tension which was reversible and calcium dependent.

These hypoxic contractions were not âffocted by pretreatment with meth)¡sergide, atropine, or

indomethacin (10-s M), phenrolamine (10-6 M), or ouabain (3x10'6 M). In anorher study,

isolated canine basilar artery rings exhibited hypoxic âugmentation ofcontractile responses to

KCI (2.5x10-2 M), PGF2â (10-5 M), and haemoglobin (10-6 M). This augmenrârion was nor

antagonized by guanethidine, methysergide, prazosin, or diphenhydramine (10-5 M)

(Nakagomi et al., L987), The fact that hypoxia can augment cont¡actile responses to

L3



haemoglobin and possibly other spasmogenic agents may be clinically important with regard

to the pathogenesis ofcerebral vasospasm after subarachnoid hemorrhage. Ifhypoxia and the

products released from lysed red blood cells e.g., haemoglobin, K+ , etc., constrict these vessels

in an additive fashion, vasospasm may ensue.

Simeone & Vinall (1980) demonstrated thât isolated bovine middle cerebral arteries

incubated in an anoxic medium (\Vo Oz) for 30 min, produced diminished contractile respon-

ses to 5-HT (10-6 M) and rabbit and human whole blood when compared with control. The

normal tonic and long-lasting contractions became phasic and quickly relaxed to baseline. The

dose response curve to 5-HT was significantly shifted to the right in oxygen-deprived medium.

These findings mayrepresent tho events that occur after a more prolonged period ofhypoxia.

To summarize, cerebral vessels exposed to acute h)?oxiâ exhibit augmentation ofagonist-

induced contractions and, although, these contractions are calcium -dependent they are not

inhibited by many of the known receptor blockers.

FACTORS AFFECTING SMOOTH MUSCLE

Effects of red blood cell hemolysate

cerebral arteries are contracted by exogenously applied blood (Echlin, 1965; simeone er

al.' L968; Echlin, 1971). It was thought that this contrâction was caused byserotonin released

from platelets (simeone & Vinall, 1975). one of the first reports to focus on the role of the

erythrocyte in this contraction was the work of osaka in 1977. He demonstrated that the

exposed basilar artery of lhe cat in sitø was significantly constricted by the topical application

of various f¡esh blood fractions including hemol),såte from l¡sed red blood cells. using canine

isolated basilar arteries, ozaki & Mullan, (1979) demonstrated contrâction induced byone of

the fractions of lped red blood cells run on a SephadexG-25 column. The contractile activity
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ofthis fraction was stable for up to 7 dap and it possessed a molecular weight over 5000 daltons.

In canine isolated basilar arterS contraction induced byhaemoglobin (10-8- 10-4 M; molecular

weight about 67000 daltons) was first demonstrated by Tanishima, 1980. In cerebral vessels,

haemoglobin (red blood cell hemol¡æate) causes contractions which are independent of the

endothelium (Fujiwara et al., 7984; Conner & Feniuk, 1987) and may be mediated by

prostaglandins (Lang & Maron, 1988).

Role of the vascular endothelium

For manyyears the vascular endothelial layer was thought of merely as a barrier between

blood and the underlying smooth muscle cetls. The endothelial cell is now regarded as an

important metâbolic and endocrine organ and not just a physical barrier to blood-borne

humoral compounds. The endothelial cells, which line the intimal layer of blood vessels, are

responsible for several importânt functions. These include plasma lipid transport regulation,

hemostatic control, and modulation of vascular smooth muscle reactivity through the release

of various chemical mediators. Many vasoactive substances such as 5-HT, adenosine, and

bradykinin are inactivated bythe endothelium, while others, e.g., angiotensin II, are generated

(Y ane et aL, 1987). These cells can also synthesize and, upon precise stimulation, secrete

various vasoactive substances, Substances releasod from the endothelium include a group of

endothelium-derived relaxing factors (EDRF), which are released when the endothelial cells

are stimulated by acetylcholine (ACh), ATP, and other agenrs (Furchgotr, 1984).

For years the observation that ACh was a relaxant in vivo but a constrictor ín viu.o had

puzzled researchers (Furchgott &. Zawadzki,1980). In helical strips of rabbit aorta dilatation

to inorganic nitrites, nitroprusside, organic nitrates, and other known vasodilators \¡/âs

demonstrated, However, only contractions were elicited wilh ACh or carbachol. With aortic
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ring preparations it wâs discovered that ACh could induce both relaxation and contraction.

Lack of relaxing response in the strips ocurred after unintentional destruction of the intimal

surface (Furchgott et a1.,1979). In other words the relaxing response to ACh was dependent

on the presence of endothelial cells which, upon muscarinic activation, release a relaxing

substance (perhaps nitric oxide) that acts on the smooth muscle cell (Furchgott & zawadzki,

1.e7e).

Factors that affect endothelium.dependent relaxation

Many agents have been shown to induce endothelium-dependent relaxations in arteries

from a variety ofspecies. Relaxations to adenosine triphosphate (AT?) and adenosine diphos-

phate (ADP) are endothelium-dependent in canine femoral artery (DeMey & Vânhoutte,

1980) and rabbit aorta (Furchgott & zawadzki,1980), as are those to bradykinin in a variety

of canine arteries (cherry et al., 1982; chand & Altura, 1981), vasopressin in canine basilar

artery (Katusic et al,,1984), substance P in rabbit, canine, and cat arteries (Zawadzki et aL,

1981), arachidonicacid in canine arteries (DeMey et a\.,1982), rhe calcium ionophore 423187

in various vessels (Furchgott eral., 1981), uridine triphosphate (urP) and uridine diphosphate

(UDP) in human pial vessels (Hardebo et a1.,1,987), as well as a few others (For an extensive

review see Furchgott, 1983).

Rubbingof the intima can abolish EDRF-mediated relaxations. Anoxia/hypoxia can inhibit

ACh-induced relaxations in canine femoral artery (DeMey & vanhoutte, 1980). Relaxations

elicited by ACh (Furchgott &. Zawad,zki,1980) and A231,87 (Zawadzk¡ et al., 1980) in rabbir

aorta, as well as ACh and bradykinin relaxations in canine arteries (Furchgott, i983) are also

inhibited by hypoxia.
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Several enz)¡me inhibitors also inhibit EDRF-mediated relaxations. The compound 5,8,

11r l4+icosatetraynoic acid (ETYA) which is an inhibitor of 5-liporygenase and a free radical

scavengor, inhibits ACh-induced relaxations in rabbit aorta (Furchgott & Zawadzki, I9B0;

1981), canine arteries (Cherry et a1.,1982;DeMey et a1.,1982), ând rat aorta (Van de Voorde

& Leusen, 1983). ETYA also inhibits relaxations elicited by 423187, ATp, and substance p in

rabbit aorta (Furchgott & Zawadzki, 1980; Zawadzki et aI.,7980), by histamine and A23I87

in rat aorta (R apoport & Murad, 1983), by bradykinin in canine arteries (Cherry et al., 1,982).

The phospholipase Az inhibitor, quinacrine, inhibits relaxations produced by ACh in rabbit

aorta (Singer & Peach, 1983), canine arteries (DeMey et a1.,7982), and rat aorta (Rapoport

& Murad, 1983), relaxations produced by substance P in rabbit aorta (Zawadzki et al.,l98I),

and by bradykinin in canine arteries (Cherry et a1.,1982).

The free radical scavenger hydroquinone inhibits relaxations elicited byACh and A23787

in rabbit aorta (Furchgott, 1981) in a reversible manner after a short exposure (5- 10 min.).

This effect became irreversible after longer exposure and was thought to indicate damage to

the endothelium (Furchgott er a/., 1981). The relaxation-inhibiting property ofhydroquinone

was demonstrated in situ in the rabbit with no evidence of endothelium damage (Bing et aL,

1987). The mechanism of action of hydroquinone is thought to be through the formation of

superoxide radicals to inactivate EDRF (Moncad a et aL, 1986).

The breakdown products of erythrocytes have many actions on the vasculature.

Haemoglobin (Hb) inhibits relaxation of bovine retractor penis muscle (Bowman & Gillespie,

1981). In rabbit basilar arter¡ ACh and ATP (10'7- tO-+ M) relaxarions of 5-HT (10-6

M)-induced contractions were completely abolished by Hb (10-7- 10-5 M) (Fujiwara et al,,
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1986). In canine middle cerebral arter¡ angiotensin II (10-7 M)-induced relaxations were

inhibited by hemollsate (Hb; 1.6x10-s M) (Toda, 19S8).

Role of endothelium in the response of non.cerebral vascular smooth muscle to
hypoxia

The role of endothelium in the response of vascular smooth muscle to hypoxia has been

studied in many tissue preparations and has proven controversial, There is even contradictory

evidence from the same laboratory about the relationship between endothelium and hypoxia.

In canine femoral artery (DeMey & Vanhoutte, 1981; t982;1983), pulmonary artery,

saphenous artery, and splenic artery (DeMey & Vanhoutte, 1982), contractions produced by

BaClz (10-3 M), norepinephrine (2x10-8- 2x10-6 M), and KCI (2.5x1o-2 M),were augmented

by hypoxia (POZ mmHg), 1o a gteater degree if the endothelium was present. Rings and strips

of canine coronary arteries without endothelium exhibited anonc (95Vo Nz/5Vo CO2) augmen-

tation of contractions induced by 5-HT (5x10-7 M), KCI (2x7O-2 M), and PGF2 (2x10-6 M),

only when in contact with a strip containing a functional endothelium layered on top (Rubanyi

& Vanhoutte, 1985). The layering experiments were presumed to indicate the release of a

diffusible vasoconstrictor substance from the endothelial cells in response to hypoxia/anoxia.

Contractions ofporcine coronaryrings induced bymediâ obtained from cultured bovine aortic

endothelial cells again indicated the existence of a diffusible coronary vasoconstrictor sub-

stance, although, hypoxia was not required for release ofthis polypeptide (Hickey et a1.,1985).

In unstimulated canine coronary arteries, hypoxia caused Ca2+ -dependent contractions even

in the absence of endothelium, but, such contractions were abolished by liporygenase inhibi-

tion (Rimele & Vanhoutte, 1986).
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Rings ofrat tail artery and side branches ofcanine femoral ârtery exhibited endothelium-

dependent dilatation when exposed to intraluminal hypoxia (PO2= 46 mm Hg) (Busse ar al.,

1e83).

Role of endothelium ¡n the response of cerebral vessels to hypoxia

To dâte two studies have reported on the role ofendothelium in the hypoxic response of

cerebral vessels, but with somewhat conflicting views. Rings of canine basilar artery with

functional endothelium exposed to hypoxia (95vo N2) responded with a contraction (Katusic

& Vanhoutte, 1986). Presence ofendothelium was indicated by relaxation in the presence of

vasopressin (10'7M¡.In this vessel, anoxia caused contraction in the presence of indomethacin,

even in the absence of the endothelium. The authors proposed that anoxia causes contraction

ofcanine basilar arterythrough endothelium -dependent means, and through direct activation

ofpreviously stimulated smooth muscle cells. In these preparations, anoxia caused augmenta-

tion of conrractions to PGFza (10-6 M), KCI (3x10-2 M), 5-HT (10'7 M), and UTp (10-5 M).

On the other hand, in rings without endothelium this augmentation was decreased to less than

half compared to those with endothelium. In contrast, another study examining the effects of

hypoxia on canine basilar artery, demonstrated that removal of the endothelium did not alter

the hypoxic augmenrarion of conrracrions to KCI (2.5x10-2 tø¡, yCFu (3x10-7 M), and

haemoglobin (10-6 M) (Nakagomi et a1.,1987). One explanation may be the different resting

tensions used; 1 g in the study by Nakagomi, and 3 g in the study by Katusic & Vanhoutte.

Another possiblity is that the latter investigators used CaEDTA (2.6x10-5 M) in their buffer.

The exact role of the endothelium in the response of cerebral vessels to hypoxia/anoxia is,

therefo¡e, still controversial.
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Galcium antagonists and the response of vascular smooth muscle to hypoxia

The tension of vascular smooth muscle changes in response to altered levels of cytoplasmic

free calcium. As explained above, there are two main sources of this intracellular calcium

release as well as three primary sources ofcalcium entry. The role of calcium during hypoxia

has been studied bymany investigators, but the sourc€ ofthis activator calcium is still uncertain,

In isolated canine coronary arterial rings, anoxia (PO2= Omm Hg) potentiated contractions

produced by 5-HT (4x10-7 M) and this augmentation was significantly attenuated by the

calcium antagonists verapamil (10-6 M¡, diltiazem (10-5 M), nifedipine (f 0-7 M) (BarreLr et aI.,

1986) and lidoflazine (5x10'7 M) (Van Nueten & Vanhoutte, 1980). Isolated strips ofcanine

saphenous vein precontracted with ACh (5x10-7- 5*tO-6 M) were further contracted by anoxia

(POz= 1mm Hg). This potentiation was attenuated by calcium channel blockade with

iproveratril (2x10-5- 10-4 M) (Vanhoutte, 1976). Hypoxic contraction in isolated rings of

pulmonary artery was blocked by verapamil (10-6 M) and potentiated or attenuated when

calcium levels were raised or lowered respectively, thus indicating that it was dependent on

extracellular calcium influx (Harder et aL.,1,985). The hypoxia-induced contraction in isolated

canine basilar artery rings was abolished by calcium channel blockade with diltiazem (10-5 M)

(Katusic & Vanhoutte, 1986), D600 (10-5 V¡ 1Urlli"k, t a\.,1987),and calcium chelarion wirh

EG'f A 2.5x1,0-2 M (Mallick et aL, 1,987) or 10-3 M (Nakagomi et aI., 7987). The calcium

antagonist nicardipine lfO-8- t0-7 U¡, which has been shown to block entryofcalcium through

the voltage-dependent calcium channels in canine basilar artery (Yamamoto et al., 1,983),

effectively abolished the hypoxic augmentation ofcontractions to KCI (2.5x10-2M), and PGFea

(3x10-7 M), and greâtly attenuated the hypoxic augmentation to haemoglobin (10-6 M),

These findings indicate that the effects ofhypoxia on isolated vascular smooth muscle are

dependent on extracellular calcium influx. What is still unclear is the importance of calcium
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entry through voltage-gated channels versus that through recoptor -operated channels.

Another question is the role ofendothelial factors that may be released during hypoxia.

Leukotrienes and vascular smooth muscle

Leukotrienes (LT) A+-Ea(Fig. 1) are biologically active products ofarachidonic acid (AA).

With hypoxia phospholipases and lipases cleave AA from membrane phospholipids. AA then

serves as a substrate for the cyclooxygonases to produce a myriad of biologically active products

such as prostaglandins, thromboxanes and prostacyclin, AA can also serve as a substrate for

5-liporygenase, which produces various leukotrienes and their metabolites (Lewis & Austen,

1984). Inhibitors of the lipoxygenases include d iethylcarbam azine (Orange & Austen, 1968),

ETYA, and a variety of antioxidants including nord ihydroguiaretic acid (NDGA) (H iggs &

Flower, 1981; t ouis-Flamberg et at., 1988). LTC+ in a dose of 4x10-9- 6x10-9 g produced a 40-

50% reduction in blood flow to guinea pig skin (Williams & Piper, 1980). Leukotrienes are

also potent constrictors of cranial arteries. LTD¿ (10-9- 1.5x10-8 mols'kg-l) constricted rat

internal and erernal carotid i¿ vivo (îagari et aI., lg83),'t-'ÌD+ (2x7O-9 - 2x10-7 M) also

contracted human isolated basilar and vertebral arteries (Ta gari et a|,,1983). Leukotrienes 84,

C4, and Da (3x10-8- 4"t0-8 M¡ applied topicatly to the surface of exposed mouse brain, caused

dose-related constriction of the pial arterioles (Rosenblum, 1985). Leukotrienes can also

contract other smooth muscles such as human isolated airway and pulmonary smooth muscle

(Haana et a1.,1981), and guinea pig isolated pulmonary arteries (Hand et al.,l98L).

During cerebral ischemia induced in gerbils by bilateral carotid artery occlusion, both

saturated and unsaturated free fatty acids (FFA) increased 10 fold over the preischemic levels

(Yoshida et al., 1980). Another study in the gerbil showed that 5- 15 min of ischemia produced

significant increases in the levels of LTC+ and LTD¿ (Moskowitz et aL, L984). Rehncrona e/
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al,, (1982) and Yoshidâ et al., (1983) have also reported increased FFA upon complete or

incomplete ischemia with the largest increases in arachidonic acid (AA).

Decreased CBF after 10 or 20 min of forebrain ischemia in gerbils was associated with

significant increases in LTB¿ levels (Dempse y et al., 7986a). This increase as well as the

resulting cerebral edema was blunted by pretreatment with lipoxygenase inhibitor, nor-

dihydroguiareti c acid (1.2 mg'kg'l) (Dempsey et al., t986b). One of rhe firsr srudies ro

investigate the role of leukotrienes in hypoxjc pulmonary vasoconstriction (HPY), in vivo,

demonstrated that leukotriene antagonists FPL-57231, and FPL-55712 (sheard et at., 1982)

both prevented and reversed HPV in anaesthetized sheep (Ahmed & oliver, 1983). Blockers

of leukotriene synthosis or action inhibited the hypoxic presser response in rat isolated lung

preparations whether given before or during hypoxia (fraction of inspired air, FlOz= 3Vo)

(Morganroth er a1.,L984),lnlat isolated lungs (Morg nÍoth et aI.,1984) and anesthetized dogs

(Lonigro et aI., 1988), hypoxia (POz= 25- 30 mm Hg) caused an increase of LTC¿. Rings of

canine coronary arteries, with or without endothelium, contracted during hypoxia (pOzmm

Hg)'These contractions were abolished by lipoxygenase inhibition (pretreatment with

phenidone or.BAY G6575, 10-6 M) but not by cyclooxygenase inhibition (pretreatment ,ù/ith

indomethacin, tO'6 M¡ 1R imele & Vanhoutte, 1983,1984). In rings of canine coronary arteries,

anoxia (PO2mm Hg) caused augmentation (44.5 + 7.SVo) of contractions to PGF¿ (2xI0'6

M) which were not affected by inhibition of cycloorygenase (indomethacin, 10-6 M) or

liporygenase (phenidone, 5x10-5 M, or NDcA 10-s M) (Rubanyi & Vanhoutte, 1985). There-

fore, lipoxygenase inhibition altered only the effects ofhypoxia on unstimulated vessels. These

data indicate that hypoxia-med iated contractions or augmentations of vascular smooth muscle

tone may bo partially mediated by products of the liporygenase pathway.
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The effect of changing eldracellular ion conoentrations on smooth muscle,

Responses of smoolh muscle to various stimuli are altered by changes in extracellular ion

concentrations' In frog sartorius muscle, baseline tension is increased when the muscle is

bathed in low ionic strength medium (G ordon et a1.,1973). contracture in guinea pig isotated

taenia coli strips by equilibration in high-K+ (1.43x10'1 M) normal sodium K¡ebs wâs not

relaxed, but, further contracted after wash with Na+ -free (sucrose-substituted), normal K+

(5.9x10'3 M) Krebs medium until the external Na+ concentration was raised (Katase &

Tomita, 1972). x-ray diffracrion dara ftom weber & Murra¡ (1973) indicate thar Mg-ATp

causes dissociation of actin and myosin in low ionic strength medium. In guinea pig isolated

taenia coli strips, equilibration in Na+ -f¡ee medium (sucrose-substituted Krebs) caused a

rapid contraction which came back to baseline in 15- 20 min (Ma & Bose, 1977). upon addition

of KCI (7x10-2 M) a sustained contraction was produced which was not relaxed by washing

with Na+ -free medium containing normal-K+ , but, was relaxed when external sodium was

reintroduced.

In canine isolated basilar artery strips, substitution of one-half of the NaCl with choline

chloride caused a sustained contraction which was potentiated by the card iac glycoside ouabain

(2x10-7 M)and abolished byexposure to ca2+ -f¡ee medium (Toda, 197g). This same prepara -

tion contracted when exposed to low-K+ and these contractions were abolished bypretreat-

ment with ouabain (2x10'7M), and byexposure to ca2+ -free med ium. R eduction of cl' caused

a mode¡ate trânsient contraction which was attenuated byexposure to verapamil ç2xL0'7 - 10-6

M). Vascular smooth muscle is very sensitive to changes in extracellular ion concentrations,

therefore, the function of these muscles may be closely studied using Na+ -f¡ee solutions.
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lon fluxes during hypoxia

studies on changing ion permeability during hypoxia in cardiac and smooth muscle have

indicated that intracellular calcium and sodium conc€ntrations increase while there is a net

efflux of potassium. In isolated canine coronary arteries, hypoxia (pOzmm Hg) induced

transient relaxation followed by sustained contraction in the unstimulated vesse[. Measure-

ments with 42K indicate that the contraction was accompanied by a significant increase in K+

efflux (Borda et al.,1980). Simitarly in cardiac muscle f¡om rabbit (Conrad et aL,1979; Crake

et al,, 1,987), dog (Lowry et al,, 1942), and pig (Friedrich et al., I98l), there was a loss of

potassium upon hypoúa which was due to increased efflux rather thân decreased influx

(Kleber, 1984). E lectrophpiological studies in car papillary muscle (yleugels et a\.,1978), and

in rat myocardium (comad et al., 1983), indicated that hypoxia caused a decrease in the action

potential duration as well as an increase in steady state outward current. Hypoxia (pozmm

Hg), acidosis (pH= 6.77), and elevated K+ levels (1.15x10-2 M) caused a decrease in

membrane potential and an increase in intracellular sodium activity in guinea pig papillary

muscles (Witde & Kleber, 1986). Studies in pulmonary arteries of cats showed that reducing

POz from 400 to 30 mm Hg produced Ca2+ -dependent action potentiâ ls and contractions and

resulted in membrane depolarization without increased K+ efflux (Harder et at., r9g5a,

1985b). The authors speculated that perhaps the membrane depolarization was due to Na+

or Ca2+ influx
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PROPOSAL

with the aforementioned properties of vascular smooth muscle applied to the canine

basilar artery, I intended to study in detail the mechanism by which h¡poxia causes canine

isolated basilar artery to contract ín vitro, and test the hypotheses that this response:

1) is not whollymediated by the endothelium. This was addressed in experiments involving

removal of the endothelial cells by several methods and through verification using phar-

macological means and scanning electron m icroscopy.

2) is dependent on extracellular calcium influx through voltage-gated calcium channels.

This was studied using the calcium channel agonist BAY K 8644 and ca channel blockade.

3) can occur as a result of membrane depolarization. This was assessed with the use of

sodium-free buffer and through the use of agents which partially depolarized the membrane.

4) can be mediated through activarion of the lipoxygenase pathway. Inhibitors of 5-

liporygenase were used to elucidate the role ofleukotrienes in hypoxic contraction.
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MAIERIAI.S & MBTIIODS

Animal and tissue

In the rat, the arterial vasculature and the microvasculature are equally important in

regulating cerebral blood flow (Harper et a1.,7984).In the cat, the Iarger cerebral vessels

extending ftom the circle of Willis are largely responsible for adjustments in cerebral blood

flowover large pressure changes (Kontosern/., 1978). The basitar arteryofthe dog is a primary

vessel in the adjustment of CBF to changes in oxygen tension. This artery is easily obtained

and is fairly amenable to experimental manipulation. The basilar artery is formed by the

junction of the two vertebral arteries and extends anteriorly along the ventral surface of the

pons to divide into the posterior cerebral arteries which supply the occipital and temporal

lobes, and the transverse branches which supply the pons and adjacent regions of the brain

(Fig.2).

Mongrel dogs of either sex weighing between 5-14 kg were used as the source of cerebral

arteries. once anaesthetized wirh sodium pentobarbital (30 mg/kg LV.), a portion of the skull

was removed by an oscillating saw and the brainstem to midbrain was excised, en rnasse, and

placed in a dissection dish containing physiological salt solution (pss) aerated with

95Vo Oz/SVo COz. The basilar artery\¡/as dissected clear of the brain stem, under magnification,

freed of adhering meninges, and all branching arteries were severed close to the main artery.

Two succesive ring segments (5- 10 mm long) were cut approximately 5 mm upstream ftom

the branch of the two vertebral arteries and this was the tissue used in the experiments.
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Experimental Setup

The rings were suspended in 20 ml âerated baths of PSS maintained at 370c with the aid

of two 'L'-shaped stainless steel wires (30 AwG) passed through the vascular lumen (Refer

to Fig. 3). One wire was connected to a stationâry post and the other to a micromanipulator

and fo¡ce transducer (Grass FT03) such that isometric tension development could be

measured. A resting tension of 2 g was established and the vessel was allowed to equilibrate

for t hr. This resting tension has been demonstrated to be optimum in the canine basilar artery

for contractions produced by 5-HT, PGFza, and KCI (Allen et al., 1,97 4). The viabitity of the

preparation was assessed bymeasurement of a contraction in response to a maximal depolariz-

ing dose of KCI (10'1 M). Tension changes were recorded on a Grass Model 7 polygraph.

Protocols

1. Response of canine isolated basilar artery to hypoxia.

Hypoxia rvas initiated bychangingthe gas mixrure bubblingthrough the bath ro 9Svo Nù5%o

coz for a period of 10 min. once a positive response (as outlined in results section) was

observed, the effects ofvarious agents including hydroquinone (4x10-5 M), 4-aminopyridine

(3x10-3 M), nordihydroguiaretic acid (5x10-6 M) and adenosine (5xi0'6 M) and endothelium

removal on hypoxic contraction were determined.

2. Effect of calcium channel blockade.

The vessel was exposed to either a calcium

chelator EGTA, (2.5x10-3 M¡ and rhe response

entry blocker (verapamil, 10-6 M¡ or calcium

to hypoxia was compared to control.
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3. Removal of Endothelium

To test for the presence ofa functional endothelium, contraction ofthe vessel ringwas fîrst

produced by the application of 5-hydroxytryptam ine (5-HT, 10-7 M). Subsequent addition of

acetylcholine (ACh, 5xf 0-5 Vt) and/or arginine8 vasopressin (AVp, 10-8 M¡ to the bath caused

relaxation ofvascular tone. This is indicative ofthe presence ofendothelium and the release

of endothelium -dependent relaxing factor(s) (Furchgott & zawadzki,1979). once baseline

responses \.vere determined the endothelium ofthe vessels was removed and the responses to

the various drugs and hypoxia were observed and compared to their own controls. The

response of the vessels to high extracellular K+ (10-1 M) was recorded before and after

removal of endothelium.

The endothelium was removed by either intimal rubbing with a 23 gauge stainless steel

needle or intraluminal exposure lo O.lVo Triton X 100 for 1 min. Triton treatment has been

documented to effectively remove the endothelial layer from small cerebral vessels (Conner

& Feniuk, 1987). In some experiments the artery was gently everted before mounting. This

facilitated the subsequent removal of the endothelium by gentle rubbing of the outer surface

ofthe vessel.In some cases though, eversion ofthe vessel alone abolished the relaxing response

to ACh and AVP, indicating damage to the endolhelium. Therefore for these experiments

there were no internal controls even though theycontracted in response to hypoia.

4. Scanning electron m¡croscopy

In each of3 experiments 2 vascular preparations were first mounted in the bath and tested

for relaxant response to acetylcholine and arginineSvasopressin, as indicated above. one of

the vessels was fixed for histological examination ât this point. The lumen and outer surface

of the remaining vessel was troated with 0,1,%o Triton x 100 for 1 min. After washout of the

28



deterdent, abolition ofrelaxant response to the two agents was always observed. At this point

the vessel was removed and fixed for electron microscopy, The vessel was transversely cut in

1 mm lengths and fixed for 24 hrs at 40C in a solution oÍ 2.5Vo glutantdehyde in 1.2x10-1 M

phosphate buffer with 2x10-5 M caclz added. This was followed by 3 rinses in a solution

containing 87a dextrose in phosphate buffer and osmication in 2% phosphate-buffered oso+.

The preparations \¡/ere then dehydrated in increasing concentrations of ethanol and critical

point dried f¡om COz. The specimens were mounted with conductive silver paint onto studs

and examined with a JEOLJSM 35-C scanning electron microscope. The accelerating voltage

was 20 KV and the magnification was 2000 X unless otherwise stated.

5, Effect of calc¡um channel agon¡st

Before and after addition of a subthreshold dose of the calcium channel agonist BAy K

3644 (10-11 M) to the bath the response to hypoxia was determined in 5 muscles.

6. Effect of sodium.free medium

The response of the 15 vessels to hypoxia was observed in normal rris buffer and in

sodium-ftee Tris buffer (reagents section). In these experiments normoxia involved bubbling

the bath with l00Vo 02 and hypoxia involved bubbling wirh l00Vo Nz.

7, Effect of potassium conductance blockers,

A series of experiments involving the potassium-conductance blocker 4-aminopyridine

(4-AP) was carried out in 20 vessels. The response to hypoxia in the presence of 4-Ap was

observed and compared to control without. In a separate study the response ofcanine basilar

artery to relaxations induced byACh in the presence and absence of 4-Ap was determined.
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L Effect of hydroquinone.

The response of the vessel to hypoxia and to 5-HT

haemoglobin, (2x10-7 M) was determined in 7 vessels in the

quinone.

(10-7 M), KCI (10-1 M), and

presence and absence of hydro-

8, Effect of adenosine,

The effect of exogenously added adenosine (10'7- 10-5 M) on hypoxic contraction was

determined in 6 vessels. The adenosine was added either prior to or during hypoxia and the

results noted,

9. Statistical evaluation

Data are shown as means t_ S,E,M. and were analyzed by one way analysis of variance,

unless otherwise stated, and Duncan's multiple range test with p indicating statistical sig-

nificance.

10. Reagents

The following chemicals rvere used: 5-hydroxytryptamine,4-aminopyridine, tetrâethylam-

monium chloride, acetylcholine chloride, arginineS vasopressin, nord ihydroguiaretic acid

(NDGA), 5,8,11,l4-eicosatetral'noic acid (ETYA), (all from Sigma Chemicat Co.), hydro-

quinone (J. T. Baker Chemical Co.), sodium nitroprusside (Hoffmann-La Roche Ltd.), barium

chloride, Triton X 100 (both from Fisher Sci. Co.), BAY K 8644 (Bayer A.G.), canine red blood

cell hemolysate.

Blood (10 ml) was obtained from dogs at the same time âs the vessel, via a major artery

and collected in heparin-containing tubes. It was then centrifuged @ 5000X g for 10 min and

the bu$ coat aspirâted to leave the red blood cells (RBC), which were washed 2 times with
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10 ml isotonic saline and centrifuged @ 15000x g for 20 min. This left about 5 ml of RBC

which were diluted to 30 ml in distilled water and 10-6 I aliquots (2x10-7 M, haemoglobin) were

added to the bath.

SOLUTIONS

Physiological Media (concentration in 1O-3 M)

NaCl

Sucrose

I(HzPO¿

KCI

MgSOa

CaClz

Glucose

Tris-HCl

NaHCO¡

Krebs Hensel Tris Sol'n

120.0

0.0

L.4

4.7

1.2

2.5

11.0

10.0

Na+ -ûee Sol'n

0.0

240.0

1.4

4.7

t.2

t<

11.0

10.0

0.0

200 ml

25 ml

t20.o

0.0

7.4

4.7

L.2

2.5

11.0

0.0

25.0 0.0

Electron M icroscopy Fixative:

p arafo rm a ld eh yd e 57o

glutaraldehyde 507o

phosphate buffer 0.4 M 150 ml



CaClz0.57o

DD water to make

Filter through # 44 filter paper

Phosphate buffer (0.4 M):

NaHzPO+.HzO

KzHPO+

DD water to make

Paraformaldehyde solution (5%) :

paraformaldehyde

DD water

1N NaOH

Deldrose r¡nse solut¡on:

dextrose

CaClz0.5Vo

phosphate buffer 0.4 M

DD water to make

80g

4ml

300 ml

2ml

Total 500 ml

5.3 g

28.0 g

500 ml

1og

200 ml

4-6 drops

Total 1000 ml
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Double strength buffer:

dextrose

phosphate buffer 0.4 M

DD water to make

30 ml

7o

Total 50 ml

OsOq buffer:

Double strength buffer 15 ml

CaClz05%o 0.15 mt

47o OsO+in DD water 15 ml



RESULTS

Effect of endothelium removal on contractions and relaxations elicited by various
agonists

Isolated canine basilar artery rings contracted (0J6 + 0.1 g) when exposed to 5-HT

(10-7 M) and subsequenrly refaxed when exposed to ACh (5x10-s M) or AVp (10-8 M)

(Figure 4a & 5). This was indicative of a functional endothelial layer, capable of releasing

endothelium -derived relaxing factors. when the vessel was made hypoxic (poz mm Hg) a

contraction was produced which was relaxed upon restoration of normoxia (pO2 = 666 ¡nrn

Hg) (Figure 4b.). Removal of the endothelium by rubbing or with the use of the detergent,

Triton X 100, had no significant effect on contractions elicited by 5-HT or KCI (Table 1).

However, endothelium-dependent relaxations produced by ACh and AVp, rvere either

abolished or converted to small contractions (Figure 4c & 5). The relaxations were 31.3 !_
2.87o for ACh and 67.7 + 9.2vo for AVP in the presence of a functional endothelium and -1.03

+ 1.63%ó and -9.5 ¡_4.6Vo respectively in the absence of endothelium (Table 2)

Contractions elicited by hypoxia were still present after endothelium removal but were

partially reduced in size (Figure 6 & Table 1). The absence of endothelium was confirmed

pharmacologicatly (Figure 4b) and with the use of scanning Electron Microscopy (Figure 7).

Effecf of sodium-free medium on hypoxic contraction

The response ofthe canine basilar arteryto hypoxia in the presence and absence ofsodium

was determined in a series of 9 dogs. H ypoxia produced a contraction of 0.71 + 0.10g(n= 15)

in no¡mal rris buffer, while the response in Na+ -free (sucrose) buffer was 0 g (n= 15). After
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Figure 4.

Hypoxic increase in iso¡netric tension tracing frotn a canine
basil-ar artery ring in the presence or absence of endothelium.

Top Trace: Contraction due to S-HT (tO-l M). Subsequent.

relaxation by Ach (5x1-0-5 M) and AVp (t-o-8 M) índicates presence

of functional- endotheriu¡n. r-o min of hypoxia caused. a contraction
v¡hich was reversed by norrnoxia.

Botton Trace: sarne tissue as above after intraLu¡ninaL exposure to
O.L2 Triton X l-OO for l- min. ACh and AVp relaxations were

converted to contractions, indicating absence of functional
endotheliun. Hypoxic contractíon is present aft,er endotheliurn
renoval .

Hypoxia-índuced contraction appears to be indepedent of the
endothel iun.
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Fígure 5.

PLot of percent relaxation for Ach and AVp in the presence and

absence of endotheliurn.

The relaxations of 5-HT-induced lfg-7 M) contractions were

produced by Äch (5x10-5 M) and AVp (10-8 M) in the presence and

the absence of endotheL ium.

The bars represent neans + S.E.M. of 5-10 experirnents. The

asterisk represents statístical signifícance at p<0.05. Details
in Table 2.

34-d



I o

T
ab

le
 1

. 
E

ffe
ct

 o
f 

P
re

se
nc

e 
or

 A
bs

en
cs

 o
f 

E
nd

ot
he

llu
m

on
 T

en
el

on
 ln

cr
ea

se
 d

ue
 t

o 
H

yp
ox

la
, 

K
C

L 
or

 5
-ll

T

+
 E

nd
ot

hc
llu

m

- 
E

nd
ot

he
llu

m

ltY
P

ox
tA

M
ca

n 
S

E
M

'p
<

O
.O

5

o.
73

o.
30

D
ev

el
op

ed
 l

eo
m

st
rlc

 T
en

si
on

 (
g)

K
C

L 
(t

 O
O

 m
M

)

n 
M

.a
n 

S
E

ftl
 

n

o.
t 
I

o.
o6

o.
95

o.
66

o.
3e

o.
14

s-
H

T
 (

O
.t 

uM
)

M
.s

n 
S

E
M

o.
76

o.
54

o.
10

o.
13



I

T
ab

le
 2

. 
E

ffe
ct

 o
f 

P
re

se
nc

e 
or

 A
bs

en
ce

 o
f 

E
nd

ot
he

liu
m

 o
n

A
ce

ty
lc

ho
lin

e 
(A

C
h)

 o
r 

A
rg

ln
in

e 
va

so
pr

es
sl

n 
(A

V
p)

-in
du

ce
d 

R
el

ax
aü

on

. 
E

nd
ot

h.
llu

m

- 
E

nd
ot

ho
llu

m

'P
.o

.o
5

A
C

h 
(5

O
 u

M
)

M
.a

n 
S

E
M

P
er

ce
nt

 C
ha

ng
e 

ln
 A

ct
lv

e 
T

en
sl

on
 w

lth

-3
1.

34

'r.
o3

lo

A
V

P
 (

O
.O

l 
uM

)

M
ôa

n 
S

E
M

1(
,

-6
7.

65

9.
46

9.
14

 
6

4.
O

3 
5



washout ofsucrose buffer and equilibration in normal Tris the response to hypoxia returned

0.62 + 0.12 g, (n= 10). The responses to KCI (10-i M) and 5-HT (2.5xIO'7 M) were also

determined. The contraction produced by KCI was 1.35 a_ 0.23 g (n= Ð in normal rris, and

0'68 + 0.14 g (n= 7) in sucrose buffer, and 0.98 + 0.17 g (n= 3) after washout of sucrose

buffer. 5-HT produced a contraction of 0.87 + 0.17g(n= 6) in normalrris,and 0.11+ 0.03g

(n= 8) in sucrose buffer, and 1.0 ¿ 0.14 g (n= 2) after washout of sucrose buffer. This is

summarized in Figure 8.

Effect of 4-AP on hypoxic contraction

The response of the canine basilar artery to hypoxia in the presence and absence of 4-Ap

(3x10-3 M) was determined in 14 dogs. without 4-Ap present hypoxia produced a contraction

of0.17 + 0.03g(n= 8), and wirh 4-AP present the conrraction was 0.42 + 0.05g(n= g).

Effect of BAY K 8644 on hypoxic contraction

The response to hypoxia before, during, and after exposure to a subthreshold dose ofthe

calcium channel agonist BAY K 8644 (5x10-11 M) was determined in 5 dogs. Treatment with

BAY caused an augmentation of hypoxic contraction when compared to control (Figure 9).

Before BAY treatment, hypoxia produced a contraction of 0.0g + 0.02 g (n= 5). In the

presence of BAY the contraction increased to 0.11a0.03 g (n= 5). when compared to control

and depicted as percent ofcontrol contraction the augmentation produced by BAY treatment

was significant.

lnhibition of lipoxygenase and the effect on hypoxic contraction

There is much evidence to support the contention that the leukotrienes and other

eicosanoids may play a role in cerebral ischemia and cerebral hypoxia (see Introduction). Our
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Figure 6.

A representative figure of Table 1. This plot of tension
generated by: hypoxia, Kcl (l-o-1 M), and s-HT (Lo-7 M) in the
presence and absence of endothel-iun ís a sulnmary of experirnents

in I dogs. The asterisk indicates significance at p<0.05.
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Figure 8.

Plot of tension generated by hypoxia, Kcf, and s-HT in normal and.

sodiurn-free mediurn. The effects of the 3 agents v¡ere record.ed in
normal Tris buffer foI1or,¡ed by that in Na+-free Tris buffer. This
was followed by v¡ashout of Na*-free mediu¡n. The hypoxic
contractions were O,7L + O.i. g (n=15), 0 g (n=l-5), and 0.62 !t
o.12 g (n=1 5) for control , sodiurn-free and washout controL
mediums respectively. cont.ractions el_icited by KCl (10-1 M), and

s-HT (LO-7 M) !¿ere also compared in thê 2 media to determine the
specificity of the action. The Kcl contractions vrere not
significantly affected by sodiurn-free ¡nediurn whife those to 5-HT

were. The bars represent mêan values + S.E,M.

experirnents with * indicating significance at p5'O.05.

of l-5-2 0
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Figure 9.

Pl-ot of percent controf
presence of BAY K 8644.

caused augnentation of
mèan vaLues + s.E.M. for
p<0. 05.

hypoxic contraction with and without the

Pretreatnent \,rith BAY K 8644 (5x1 0-11 M)

hypoxic contraction. The bars represent

5 dogs with * indicating significance at
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intent in this study was to try ând elucidate the role of lipoxygenase products in hypoxia-in-

duced contraction in the canine isolated basilar artery.

Hypoxia produced a contraction in the vessel of 0.32 + 0.078 g (n= a) and pretreatment

of the vessel segment with the antioxidant and lipoxygenase inhibitor NDGA (5x10-6 M)

reduced this contrâction to -0.011 t_ 0.011 g (n= 4; Table 3). Application of NDGA at the

peak ofhypoxic contraction completely relaxed the vessel in 2 preparations. Pretreatment with

the preferential liporygenase inhibitor ETYA (2.5x10-6- 5*10-6 M) significantly blocked the

response to hypoxia (Figure 10) and application post-hypoxia completety reversed the con-

traction. contractions elicited by Kcl (10-1- 2.5xr0-2 M) were not significantly affected by

NDGA (Fig. 11) or ETYA. Hypoxia augmenrs contracrions elicired by low KCI (2.5xtO-2 M,

Figure 11) and this potentiation is not significantly affected by concentrations of NDGA or

ETYA that block the response to hypoxia alone. The combined KCl/hypoxic contraction was

7.057 + 0.34 g(n= 6) and 0.625 ¡ 0.09 g (n= 6) with and without NDGA respectively. These

results suggest that the response to hypoxia in the canine isolated basilar artery is a multi-

faceted event involving not only direct membrane stimulation, but, also products of lhe

liporygenase pathway.

Effect of hydroquinone on hypoxic contraction

Work by Furchgott and others has shown that endothelial function and endothelium-de-

pendent dilatation ofvascular smooth muscle is inhibited byhydroquinone (He). Our purpose

in this study was to determine if hypoxia-induced contractions in the canine isolated basilar

artery were dependent on the endothelial layer and if HQ treatment could prevent or alter

this response.
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Figure 10.

Typical basilar artery contractiLe response to hypoxia in the

absence and presence of ETYA, Pretreatnent with the specific
lipoxygenase inhibitor ETyÀ (2x10-6 t't ¡ sígnificantly blocked the
response to hypoxia.
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Figure l- l- ,

Typical basifar artery response to hypoxia and KCl v¡ith and

without NDGA. Hypoxia augments contractions eficited by tow KCt

(2.5x10-2 M) and this potentiation was not significantfy affected
by concentrations of NDGA (LO-6 M) that bl-ock the response to
hypoxia a1one. The combined Kcf/hypoxic contraction was L.057 +

0,34 g (n=6) and 0.625 + 0.09 g (n=6) hrith and without NDGA

respectively.
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Pretreatment ofbasilar artery rings with hydroquinone (4x10-5 M) significantly attenuated

contraction due to hypoxia or red blood cell hemot¡aate without affecting those due to KCI or

5-HT (Figure 12). The mean contracrion sizes were 0.69 + 0.04 g, 1.23 + 0.76 9,0.51 + 0.06

g, and 0.39 g 0.05 g for hypoxia, KCl, 5-HT, and haemoglobin respectively before He (Table

4). In the presence of HQ the contractions were 0.01 + 0.01 g, L3 ¡_ 0.27 g 1,,12 + 0.21 g,

and0.01 + 0.01 g respectively. H Q potentiated the contractile effects of 5-HT, but this find ing

wâs not further investigated in this study. In vessel segments devoid of endothelium, i.e., no

relâxation in response to ACh or AVP, the hypoxia-induced contraction was still effectively

blocked by pretreatment with HQ. The fact thal He attenuated endothelium-independent

haemoglobin-induced contractions as effectively as those produced by hypoxia in both en-

dothelium-intact and endothelium-devoid preparations, suggests that He may have a direct

smooth muscle locus of action in addition to its more well known effect on the endothelium.

Hypoxic contraction and the effect ofadenosine

The hypoxic/anoxic-indúced release of adenosine and the concomitant vasorelaxant

properties in the cerebral vasculature are well documented (see Introduction). In this series

of experiments we attempted to determine the effect of exogenously applied adenosine on

hypoxic-induced contraction in canine isolated basilar artery.

canine basilar artery rings contracted by hypoxia were completely relaxed by exposure to

adenosine (5x10-6 M, Figure 13). This relaxation was striking and actually proceeded well past

the initial resting tone of the vessel segment, indicative of the vasorelaxant properties of

adenosine. Pretreatment with adenosine also attenuated hypoxic contraction in a dose-de-

pendent manner. Adenosine (5x10-6 M) decreased the hypoxia-induced contractio n by 92vo

(n= 6, Figure 14). The experimental points were fitted by a 4th order polynomial regression.
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Figure i-2.

Pl-ot of isometric contraction with hypoxia, KCI, 5-HT, and

haeinoglobin in the absence and presence of hydroquinone. The

contraction elicited by hypoxia and haemogLobin (2x10-6 M¡ *.t"
conpletely abolished by pretreat¡nent with hydroquinone (4xl-0-5 M)

rvhíLe those to Kcf (10-1 M) were unaffected and s-HT (Lo-7 M)

were augnented. The bars represent tneans + S. E.M, with *

indicating significance at p<0.05. This pfot is sumnarized ín

Table 4.
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Figure 13.

Typical response of basilar artery to exposure to adenosine at
the peak of hypoxíc contraction. Hypoxic contraction ís
completely relaxed upon addition of adenosine (5xL0-6 t't¡ to th.
bath. This is typical of 5 such experiments.
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FÍgure i-4.

Plot of percent controL tension in the basilar artery versus

adenosine concentration. The inhibitory effect on hypoxic

contraction is seen. Pretreatnent with adenosine (1.2gxto-7- to-5
M) produced dose-dependent effects on hypoxic contraction in I
dogs. Low dose adenosine (f.25x1-O-7 M) caused a 27 + 3Oå

augrnentation of hypoxic contraction while high dose (ro-s M)

attenuated contraction by 93 + 32, Each point on the plot
represents the mean + S.E.M. indicated by error bars. The points

were fitÈed by 4th order poLynornÍaI regression,
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For the pre-hypoxic effect of adenosine, the area under the resulting contraction curve was

measured.

Effect of 4-AP on AOh-induced relaxation

Figure 15 -1a depicts a typical example ofa canine basilar arteryring contracted with 5-HT

and relaxed with subsequent addition of ACh. pretreatment of the rings with 4-Ap (3x10-3 M)

caused a variable augmentation of 91.5 + 76.3vo (n= 7) of the contractile response to 5-HT

lto-7- sxt0-7 Ira) and abolished rhe relaxarion due ro ACh (Figure 15 1b). Ach in concentra-

tions of 2.5x10-s, 5x10-s,and 10-4 M elicited relaxarions of 25 + 5.7Vo (n= 4),35,6 + 3.2Vo

(n= 5), and 33.6 + 4.O7o (n= 5), respectively in the absence of 4-Ap, while the same

concentrations caused relaxations of 0% (n= 4),\Vo (n= 5), and !.l2Vo + 0.7Vo (n= 5),

respectively with 4-AP present (Figure 16).

Effect of 4-AP on electrogenic sodium pump-mediated relaxation

Basilar artery rings exposed to K+ -f¡ee medium exhibited a transient contraction with

subsequent relaxation to baseline. such a preparation contracted in response to 5-HT (2.5 x

10-7 M). upon addition of K+ to the vessel in K+ -f¡ee medium, which makes the sodium

pump electrogenic (Bose & Innes, 1973), there was a prompt relaxation (Figure 15-2a.). This

was not affected by the presence of 4-aminopyridine (Figure 15-2b.). potassium (1.5x10-3 &

4.5x10-3 M) produced relaxarions of fi.8 14.5% (n= 6) and 98 ll.8Vo (n= 5) respecrively

without 4-AP present and 62 ¡_ 4.8Vo (n= 6) and 98.4 + 1,.47o (n= 5) respectively with 4-Ap

present (Figure 16).
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Figure 15.

Typical- contractíl-e responses of basilar artery to various

relaxants in the absence and presence of 4-AP. Effect of 4-

arninopyridine on ACh-, K+-, and SNP-inducêd relaxation of 5-HT-

induced contraction of canine basilar artery.

l-a. Basilar artery ring precontracted with 5-HT (2.5x10-7 M) is
relaxed by addition of Ach (5xl-o-5 M).

l-b. Previous vessel after exposure to 4-Ap (3x1-o-3 M¡ contracts

to 5-HT but now relaxation to Ach is abolished.

1c. Sane vesseL nov¡ reLaxes upon exposure to ACh after washout

of 4 -AP.

2a. Canine basilar artery ring, in K*-free rnedium, precontracted

by 5-HT (2.5xJ-0-7 M) is relaxed by addition of x+ (¿.5xto-3 M) to
the bath.

2b. Previous vessel pretreated with 4-Ap (3xl-o-3 M) stil1
displays reLaxation produced by x+.

3a. Canine basilar art.ery ring precontracted with 5-HT (2.5x1_O-7

M) is relaxed of sNP ( 1"0-7 ¡a¡ ,

3B-b



3b. Previous vessel pretreated with 4-AP (3xL0-3 M) stil-I
displays relaxation after addition of SNP. The rhythmicity

observed ín this vesseL is due to 4-AP.

3c. Sane vessel after qrashout of 4-AP displays unaltêred SNp-

induced relaxation.

4. Effect of Ba2+ pretreatment on ACh-induced relaxation of a

vessêI precontracted with 5-HT.

4a, Caníne basilar artery ring precontracted with s-HT (Z.Sxl'O-7

M) is relaxed by the addition of Ach (5x10-5 M).

4b, Previous vessel pretreated with sa2+ (Lo-3 M) dísplays an

j-ncrease in tension. Contraction produced by 5-HT is not rel-axed

by addition of Ach in the presence of Ba2+.
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Figure L6.

Plot of percent relaxation v/ith KcI , SNP, and ACh versus dose

with or without 4-.4P. The effect of 4-ÀP r,¡as deterrnined on

relaxatj-ons elicited by various concentrations of KCl (i-.5x10-3 &

4.5x1 0-3 M), sNp (10-7 & z.5xLo-7 M) and Àch (2.bx10-5, 5x1o-5,

r_0 = M).

The bars represent means t S.E.M. with * indicating significance
at p<0.05, ** indicating p<0.0L, and .)t)k* índicating p<o.o0l-.
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Effect of 4-AP on sodium nitroprusside-induced relaxation

sodium nitroprusside (sNP) caused relaxation of 5-HT-contracted rings in a dose depend-

ent manner (Figure 15-3a). This relaxation time was variable, from animal to animal and ftom

treatment to treatment in the same preparation, Therefore time was allowed in each case for

the vessel to relax fully (back to baseline) or to plateau to a new baseline. Concentrations of

10-7M,and 2.5xl}'7 MSNP produced relaxationsof 69.8+ 4.5Vo (n= 6)and 96.4% + 2.2Vo

(n= 7) respectively. After pretreatment with 4-AP (3x10-3 M) the same concentrations

produced relaxations of 53.5+ L.3vo (n= 6)and 91,.6+ 3.1vo (n= 7) respectively (Figure 16).

The amount of relaxation obtained with the higher concentration of nitroprusside was not

significantly affected by pretreatment with 4-am inopyrid ine.

Effect of Ba2* on Aeh-induced relaxation

Pretreatment ofbasilar artery rings with Ba2+ 110-3M¡ produced a sustained contraction.

Arterial rings precontracted with 5-HT relaxed upon exposure to ACh in the absence ofBa2+

(Figure 15-4a) but did nor relax with Ba2+ present (Figure 15-4b). ACh concenrrations of

5x10'5 and 10-4 M produced relaxarions of 55.2 + 5.0Vo (n= 5) and 35.6 t 3.5% (n= S)

respectively in the absence ofF,az+ , and }vo (n= 5), and 0%o (n= 5) respectively with Ba2+

present.
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DISCUSSION

The in vivo response of the cerebral blood vessels to hypoxia is vasod ilation (Raper et al.,

1971; Jones et al., 1978, 1981; Busija and Heistad, 1981) which is thought to be due to local

release of adenosine (Nordstrom et a\.,1977;Winn et aL,,1,979,1981; phillis el al., 1987). O ther

parts of the vascular tree react to hypoxic conditions with either contraction or dilation,

depending on whether the preparation is in vivo o¡ in vítro.Isolated cerebral vessels (Katusic

& vanhoutte, 1986;Mallick el al., 1987; Nakagomiet aL,1987) as well as some isolated cardiac

vessels (Van Nueten et al, 1980; Detar & Bohr, 1972) and, all pulmonary vessels (Lloyd, 1970;

Harder, 1985a, 1985b) exhibit contractions when made hypoxìc. These responses are calcium-

dependent and reversible. The endothelium, which regulates many vasoactive responses of

blood vessels (Furchgott, 1983), has been suggested as a requirement in the response to

hypoxia of canine isolated basilar artery (Katusic & Vanhoutte, 1986) and canine coronary

artery (Rubanl & vanhoutte, 1985). other evidence suggests that it plap only a minor role

at most in the response to hypoxia in canine isolated basilar artery(N akagomi et a1.,19g7) and

canine coronary artery (R imele & Vanhoutte, 1986).

In our experìments involving endothelium removal and the effect on hypoxic contraction,

it is clearlyevident that the hypoxic contraction still persisted after the 5-HT-contracted vessel

segments failed to relax in the prosence of ACh and/or AVP. This direct pharmacological

evidence of a non-functional or absent endothelium was supported by electron micrographs

which showed an unmistakeable difference between vessel segments with and without en-

dothelium. Therefore, in the canine isolated basilar artery hypoxia produces a contraction

which can be elicited even rvhen the endotholium of the vessel is absent.
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Our results indicate that the endothel,ium plap only a minor role in the response of canine

isolated basilar artery to hypoxia, and that this response is regulated by at least 2 other factors.

These factors include direct membrane depolarization and stimulation via mediators of the

liporygenase pathv/ây.

The dependency of the hypoxic contraction on extracellular calcium influx is well docu-

mented. However, exâctly how this calcium enters the cell is unclear. Findings by Nakagomi

et al., (1987) depicting the block of hypoxic augmentation of KCI contractions by nicardipine

indicate hypoxia facilitates the entry of calcium through voltage-gated calcium channels. In

experiments with the calcium channel agonist BAy K 8644 we have demonstrated that

contractions elicited by hypoia in the canine isolated basilar artery are significantly poten-

tiated by subthreshold doses of BAY K which have been shown to promote the open mode of

the voltage-gated calcium channel (Hess er a/., 1984).

The suggestion that hypoxia causes membrane depolarízation is supported bythe findings

of Harder (i985a,b) and by the findings of our experiments involving sodium-ftee buffers. we

demonstrated that withdrawal ofsodium from the buffer bathing the tissue, prevented hypoxic

contractions completely, and that this was reversed by readdition of the ph¡niological con-

centration of sodium. Therefore, hypoxia causes, and the resulting contraction is dependent

on, sodium influx and resultant membrane depolarization in canine isolated basilar artery

rings. Studies by us also demonstrate that hypoxic contractions are augmented byagents which

partially depolarize the membrane, such as 4-aminopyrid ine, and submaximal doses of KCl.

In an effort to better understand the mechanism ofhypoxic contraction we endevoured to

discover the agents that could attenuate or block this response. A number ofdiverse receptor

blockers had no effect on tho contraction and some manipulations even potentiated this effect.

41



In our search we discovered 3 agents which were effective in blocking hypoxic contraction in

the canine isolated basilar artery. The first ofthese was hydroquinone, which is reported to be

a free-radical scavenger, and the other 2 were agents proposed to inhibit the liporygenase

enzymes; nord ihydroguiaretic acid (NDGA) and 5,8,11,14-eicosatetra)'noic acid (ETyA).

Hydroquinone is generally used as a tool to block endothelium-mediated relaxations. Its

mechanism is believed to be either a disruption ofendothelial integrity (Furchgott, 1984), or

production of f¡ee radicals leadingto the breakdown of an endothelial factor (Moncada et al,,

1986). superoxide dismutase or hydroquinone modify endothelium-mediated responses

(Moncada et aI., 1.986; Rubanyi & Vanhoutte, 1986; Furchgott, 1981). The effect of hydro-

quinone becomes irreversible upon longer exposure (Furchgott, 1981). In our experiments,

hydroquinone was able to reversibly block hypoxic contraction in normal as well as en-

dothelium-denuded preparations of the canine basilar artery. This finding is a novel one

considering that this is the first indication that hydroquinone causes alterations in contractile

properties ofvascular smooth muscle. The abilityto block the response ofthe artery to hypoxia

without attenuating the response to membrane depolarization (high K+ ) or to a vasoåctive

agent (5-HT) suggests a specific åction againsr the effect(s) of hypoxia.

Work by Rimele & Vanhoutte (1983/4) demonstrâted that cânine isolated coronary artery

rings exhibited hypoxic contractions which were not affected by cycloorygenase inhibition, but,

were blocked by inhibition of the tipoxygenase pathway. Katusic & Vanhoutte (1986)

demonstrated that hypoxic contraction in canine isolated basitar artery rings was not affected

by cyclooxygenase inhibition, but failed to look at the effect of liporygenase inhibition, stating

only that inhibition of cycloorygenase pathway by anoxia diverts liberated arachidonic acid

(AA) into the liporygenase pathway producing a mediator which somehow potentiates calcium
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entry' Hypoxic/anoxic conditions have been demonstrated to increase AA (Rehncrona eral.,

1982) as well as leukotrienes (Moskowitz et a1,,1984) and increase activity of phospholipase

Az (Kawaguchi & Yasuda et al., 1988).lt is also well demonstrated that leukotrienes cause

vasoconstriction (Tagari et a\.,1883; Rosenblum, 1985).

we decided to examine the effects of lipoxygenase inhibition with the agents NDGA and

ETYA. Our results demonstrate that lipoxygenase inhibition blocks the response of this vessel

to hypoxia. It can, therefore, be postulated that hypoxia causes phosphotipid breakdown which

in turn stimulates liporygenase activity and leads to production of a mediator which, may

depolarize the membrane, or directly increase calcium influx leading to contraction. In

experiments involving partial membrane depolarization and liporygenase inhibition, we

demonstrated that vessel segments stimulated with submaximal concentrations of KCl, con-

tracted in response to hypoxia whether or not lipoxygenase was inhibited. In other words, once

the membrane is depolarized to a critícal level, the contraction occurs even ifthe liporygenase-

produced mediator is not being liberated, or its effects are being blocked.

The fact that both HQ and NDGA are proposed free-râdical scavengers and that both seem

to act similarilyto block hypoxic contraction, suggests a possible role for He as a liporygenase

inhibitor. This suggestion is supported by evidence from a recent publication which showed

that an hydroquinone derivative of a substituted naphtha lene, U -66,858 (ICso 1.2xt0-7 g.ml-i),

selectively inhibited 5Jipoxygenase in vitrc and inhibited pulmonary bronchoconstriction lil

vluo (Johnson & Stout, 1988).

Role of K Ghannels in Endothelium-mediated Relaxation

lVe have examined the effect of 4-aminopyridine on endothelium -dependent (ACh-in-

duced) and endothelium-independent (sodium n itroprussid e-induced and electrogenic
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sodium pump-mediated) relaxations ofcanine basilar artery. The results ofour study clearly

show that 4-aminopyridine blocks ACh-induced relaxation without âltering the relaxant

responses to sodium nitroprusside or to the electrogenic sodium pump. The fact that Ba2+

also blocks ACh-induced relaxation supports the notion that blockade ofvoltage-sensitive K+

channels is the mechanism of action of 4-am inopyrid ine.

Recently, Gebremedhin et aI. (1987) suggested that quinine, tetramethylammonium ion

(TMA) and tetraethylammonium ion (TEA) can inhibit the endothelium -dependent relaxa-

tions of rabbit aorta by ACh and the calcium ionophore A23'187, through blockade of

voltage-insensitive Ca2+ -activated K+ channels. This report also indicated that these agenrs

had no effect on endothelium-independent relaxations elicited bysodium nitrite. Ifan increase

in intracellular ca2* is required for release of EDRF (zawadzki et at., r9go),then perhaps

blockade of these channels might lead to an inhibition of EDRF-mediated relaxation. In

contrast, endothelium-dependent relaxation in porcine aorta elicited by bradykinin, ATp, and

the calcium ionophore 423187, all induce ca2+ -activated K+ efflux, whereas that elicited by

ACh does not (Gordon & Martin, 1983).4-aminopyridine is a potent blocker of voltage-sen-

sitive K+ channels (Meves & Pichon, 1977) and in concentrations of 10-4- 3x10-4 M, inhibits

the voltage-insensitive ca2+ -activated K+ channels (Bartschat & Blaustein, 19g5). However,

higher concentrations of 10-3- 2x10-3 M (Bartschat & Blaustein, 1985), or 5x10-3 M or greater

(Hermann & Gorman, 1981) actually stimulate Ca2+ -activated K+ efflux Since the con-

centration of 4-aminopyridine used in our experiments (3x10-3 M) is in the range believed to

stimulate voltage-insensit ive CaZ+ -activated K+ channels and if in the canine basilar arter¡

as in porcine aorta, Ach-induced relaxations are not linked with Ca2+ -activâted K+ efflux,

then the attenuation of this relaxation by 4-aminopyridine is different from that caused in

rabbit aorta by quinine, TEA, & TMA.
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In canine trachealis muscle 4-aminopyridine mimics the agonistJike actions of ACh and

the mechanical and electrical responsos to 4-aminopyridine are blocked byatropine (Kannan

et al', 1983). This suggests that some effects of 4-aminopyridine may be mediated either

through a direct muscarinic receptor activation or enhanced ACh release from cholinergic

nerves via caz+ influx(Lundh & Thesleff, 1977), r14-aminopyridine acts âs an agonist at the

muscarinic receptor, as in canine trachealis, then it is unlikely that it will also block the action

ofACh at its receptor. The antagonism ofACh-induced relaxation may therefore occur at the

level of EDRF release or on the action of EDRF on the smooth muscle cell. The former site

seems probable because 4-am inopyrid ine, in the concentrations used, has no effect on

nitroprusside and K+ ind uced relaxations which do not âct through ED R F or the endothelium.

An alternate, but less likely, possibility may be that the mechanism of action of EDRF on the

vascular smooth muscle is different ûom those of nitroprusside or the electrogenic sodium

pump'

Ba2+ has been show¡ to block voltage-sensitive K+ channels (Hermann & Gorman,

1979). Since Ba2+ also inhibits the ACh-induced relaxations, the most likety explanation for

4-aminopytidine and Ba2+ inhibition of ACh-induced relaxation is by blockade of these same

voltage-sensitive K+ channels. E lectroph¡niological studies of this phenomenon may help to

answe¡ this question,

studies on EDRF-mediated relaxations involving the use of 4-aminopyridine must be

reassessed. Relaxations to acetylcholine have been used in many preparations to determine

presence of a functional endothelium. since 4-aminopyridine, or similar agents, are used to

increase myogenic tone, the absence of the endothelium may be mistakenly assumed in the

presence of these agents.
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Proposed Model

From the data collected by us and others, we propose the following model to indicate the

chain of events which leads to contraction when the canine isolated basilar artery is made

hypoxic.

The resting tone of the vessel is largely passive and, therefore, not totally dependent on

calcium flux During hypoxia breakdown of membrane phospholipids occur. It could be

reasoned that the potassium efflux (Borda et al., 1,980; conrad et al., 7979) and subsequent

sodium influx seen during hypoxia, leads to a slight influx of calcium through voltage-gated

channels, and this trigger calcium activates phospholipase A2 and leads to generation offatly

acid hydroperoxides such as AA. This causes stimulation of 5-liporygenase, and production of

some unknown mediator which further increases calcium influr Perhaps this mediator also

partially depolarizes the membrane and this trigger depolarization facilitates the larger

depolarization produced at the muscle membrane by hypoxia alone and the combined forces

produce a contraction which is not dependent on endothelial factors, but, is dependent on

sodium influx and blocked by hydroquinone, lipoxygenase inhibition, and by adenosine. It is

possible that the release of adenosine in vivo during hypoxia counteracts the effect of this

liporygenase-produced mediator and masks the constriction with a more powerful dilatation.

This would become important when adenosine production is compromised or blocked during

an hypoxic episode,

46



REFERENCES

Ahmed, T., & oliver, w. (1983) Does sRS-A mediate hypoxic pulmonary vasoconstriction ?

Am. Rev. Respir. Dis. 127:566-571,.

Altura, 8.M., & Altura, B.T. (1976) Differential effects of anoxia, exogenous glucose, and

metabolic inhibitors on drug- and hormone-induced contractions of arterial smooth

muscle. Circ. Shock 3:169-189.

Barrett, J.4., Lynch, V.D., Balkon, J., Sm ith, R.D., & Wo lf, p.S. (1986) E trects of nitroglycerin,

dipyridamole, nifedipine, verapamil, and dittiazem on canine coronary arterial rings

contracted with 5-hydroxytryptamine and anoxia. Pharmacology 3 3 :t39 -747.

Bartschat, D.K., Blaustein, M.P. (1985) calcium-activated potassium channels in isolated

presyraptic nerve terminals from rat brain. J. Ph¡'siol. 361,:441-457.

Bell, D.R., Webb, R.C., & Bohr, D.F. (1985) Functional bases for individualities among

vascular smooth muscles. J. Cardiovas. Pharmacol. 7:S1-S11.

Berkov, S. (1974) Hypoxic pulmonary vasoconstriction in the rat. Circ. Res. 35:256-261.

Bing, R.J.' saeed, M., & Hartmann, A. (1987) The vasodilator effect of vascular endothelium

in situ: its inactivation by hydroquinone. J. Cell Cardiol. 79:343-348.

Bolton, T'8. (1979)' Mechanisms of action of transmitters and other substances on smooth

muscle. Physiol. Rev. 59:606-718.



Bonaccorsi, 4., Hermsmeyer, K., Aprigliano, C., Smith, C.B. (7977) Mechanism of potassium

relaxation in arterial muscle, Blood Y essels 1,4:26L-276

Bond, M., Kitazawa, T., Somlyo,4.P., & Somlyo, A.V. (1984) Release and recyclingof calcium

by the sarcoplasmic reticulum in guinea pig portal vein smooth muscle. J. physi o1.355:677 -

695.

Borda, L.J., Shuchteib, R., & Henry, P.D. (1980) Hypoxic contraction of isolated canine

coronary artery. Circ. Res. 46:870-879.

Bose, D., Innes, I.R. (1973) The role of sodium pump in the inhibition of smooth muscle

responsiveness to agonists during potassium restoration. Br. J. Pharmacol. 49t466-479

Bose, D., & Bose, R. (1975) Mechanics of guinea pig taenia coli smooth muscle during anoxia

and rigor, Am. J. Physiol. 229:324-328,

Bose, D' (1976) Increase in resting tension of tracheal muscle due to rigor during metabolic

inihibition. Am. J. Physiol. 231:747O-1475.

Braunwald, 8., & sobel, B.E. (1980) coronary blood flow and myocardial ischemia. In 'FIeart

Disease: A textbook of cardiovascular medicine.,' Vol. 2 pp. 1279, ed, E. Braunwald,

Saunders, Philadelphia.

Busija, D.W., Heistad, D.D. & Marcus, M.L. (1981) Continuous measurement of cerebral

blood flow in anesthitized cats and dogs. Am. J. Ph¡niol. 241:H228-H234.

Busija, D.W., & Heistad, D.D. (1981) Effects of cholinergic nerves on cerebral blood flow in

cats. Circ. Res. 48:62-69.

48



Busse, R., Pohl, U., Kellner, C., & Klemm, U. (1983) Endothelial cells are involved in the

vasodilatory response to hypoxia. Pfleugers Arch. 397:78-80.

Casteels, R., Kitamura, K., Kuriyama, H., & Suzuki, H. (1977 a) The membrane properties of

the smooth muscle cells of the rabbit main pulmonary artery. J. phpiol. (London) 271:46-

61..

Casteels, R., Kitamura, K., Kuriyama, H., & Suzuki, H. (1977b) Excitation -contraction cou-

pling in the smooth muscle cells of the rabbit main pulmonary artery. J. physiol. (tnndon)

271.:64-79.

Casteels, R., Raeymaekers, L., Droogmans, G., & Wuytak, F. (1985) Na+ -K+ Atpase, Na-Ca

exchange, and excitation-contraction coupling in smooth muscle. J. Cardiovas. Pharmacol.

7:S103-S110.

chand, N', & Altura, B.M. (1981) Acetylcholine and bradykinin relax intrapulmonary arteries

by acting on endothelial cells: Role in lung vascular diseases. Science 213:1376-7379,

Cherry, P.D., Furchgott, R.F., Zawadzki, J.V., & Jothianandan, D. (1982) The role of en-

dothelial cells in the relaxation of isolated arteries by bradykinin. proc. Natl. Acad. Sci.

U .S. A. 7 9:2106-21,1,0.

Conner, H,8., & Feniuk, W. (1987) Role of the endothelium in haemoglobin-induced con-

traction ofdog basilar artery. Europ. J. Pharmacol. 140:105-108.

Conrad, C.H., Mark, R.G., & Bing, O.H. (1983) Outward current and repolarization in hypoxic

rat myocardium. Am. J. Ph¡aiol .244:H341,-H350,

49



Crake, T., Kirby, M.S., & Poole-Wilson, P.A. (1987) Potassium efflux from the myocardium

during hypoxia: role of lactate ions. Cardiovas. Res. 21:886-891.

DeMey, J.G., & Vanhoutte, P.M. (1980) Interactions between Na+ , K+ exchanges and the

direct inhibitoryeffect ofacetylcholine on canine femoral arteries. Circ. Res. 46t826-836.

DeMey, J.G., & Vanhoutte, P.M. (1981) Contribution of the endothelium to the response to

anoxia in the canine femoral artery. Arch. Int. Pharmacod yn. 253:325-326,

DeMey, J.G., Clae¡n, M,, & Vanhoutre, P.M. (1982) E ndothelial-dependent inhibitory effects

of ACh, ATP, thrombin and A.A. in the canine femoral artery. J. pharmacol. Exp. Ther.

222:1,66-173.

DeMey, J.G., & Vanhoutte, P.M. (1983) Anoxia and endothelium -dependent reactiviryof the

canine femoral artery. J. Phpiol. 335:65-74.

Dempsey, R. J.,et al.. (1968a) Development of cyclooxygenase and liporygenase metabolites

ofAA after transient cerebral ischemia. J. Neurosurg. 64:li.B-124.

Dempsey, R. J., ¿¡ a/.. (1968b) Lipoxygenase metabolites of AA and the development of

ischemic cerebral edema. Neurol. Res. 8:53-56.

Detar, R., & Bohr, D.F. (1968) Orygen and vascular smooth muscle contraction. Am. J.

Phpiol. 21,4:241-244.

Detar, R., & Bohr, D.F. (1972) Contractile responses of isolâted vascular smooth muscle

during prolonged exposure to anoxia. Am. J. Physiol. 222,:1269-1,277.

50



Detar, R., & Gellai, M. (1971) O xygen and isolated vascular smooth muscle from the main

pulmonary artery of the rabbit. Am. J. Phpiol. 221:1791,-1794.

Echlin, F. (1965) Spasm ofbasilar and vertebralarteries caused byexperimental subarachnoid

hemorrhage, J. Neurosurg. 23:1,-17.

Echlin, F. (1971) Experimental vasospasm, acute and chronic,due to blood in the subarachnoid

space. J. Neurosurg. 35:646-655.

Edvinsson, L., & Owman, C. (1974) Pharmacolgical characterization of adrenergic alpha and

beta receptors mediating the vasomotor responses ofcerebral arteries ¡¿ vi¡ro. Circ. Res,

35:835-849.

Emerson, T.8., & Raymond, R.M. (1981) Involvement of adenosine in cerebral hypoxic

hyperemia in the dog. Am. J. Ph¡niol. H134-H138.

von Euler, U.S., & Liljestrand, G. (1946) Observations on the pulmonary arterial blood

pressure in the cat. Acta. Phpiol. Scand. 12:301-320.

Fleckenstein, A. (1983) Calcium antagonists and vascular smooth muscle. In "Calcium an-

tagonism in heart and smooth muscle." pp. 224-227 \Niley, New York.

Franckowiak, G., Bechem, M., Schramm, M., & Thomas, G. (1985) The optical isomers of the

1,4-dihydropyrid ine BAY K 8644 show opposite effects on calcium channels. Eur. J.

Pharmacol. 1,14:223 -226.

51



Friedrich, R., Hirche, H., Kebel, U.,Zylka, V., & Bassig, R. (1981) Changes of extracellular

Na+ , K+ , Ca2+ and H+ of the ischemic myocardium in pigs. Bas. Res. Cardiol. 76:453-

456.

Fujiwara, S., & Kuriyama, H. (1984) Hemolpate-induced contraction in smooth muscle cells

of the guinea pig basilar artery. Srroke 15:503-509.

Fujiwara, S., Kassell, N.F., Sasaki, T., Nakagomi, T., Lehman, R.M. (1986) Selecrive

hemoglobin inhibition of endothelium -dependent vasodilation of rabbit basilar artery. J.

Neurosurg. 64:445-452,

Fujiwara, S., Itoh, T., & Suzuki, H. (1982) Membrane properties and excitatory neuromuscular

transmission in the smooth muscle of dog cerebral arteries. Br. J. pharmac ol. 77:1.97 -20g.

Furchgott, R.F. (1955) Pharmacologyof vascular smooth muscle. Pharmacol. Rev. 6:183-265.

Furchgott, R.F., & Zawadzki, J.V. (1979) Relaxation of rabbit aortic smooth muscle by ACh.

Pharmacologist 21:271.

Furchgott, R.F,, Davidson, D., & Lin, C.L (1979) Conditions which determine whether

muscarinic agonists contract or relax rabbit aortic rings and strips. Blood Vessels 16:213-

21,4.

Furchgott, R.F., & Zawadzki, J.V. (1980) The obligatory role of endorhelial cells in rhe

relaxation of arterial smooth muscle by ACh. Nature 288:373-376.

52



Furchgott, R.F., Zawadzki, J,V. & Cherry,P.D. (1981) Role of endothetium in the vasodilator

response to acetylcholine. In 'Vasod ilatation,'. pp.49-67, eds., p.M. Vanhoutte and L

Leusen, Raven Press, New York,

Furchgott, R.F. (1983) Role of endothelium in responses ofvascular smooth muscle. Circ. Res.

53 # 5:557-573.

Furchgott, R.F. (1984) The role of endotheliurn in the responses of vascular smooth muscles

to drugs. Ann. Rev. Pharmacol.Toxi col, 24:77 5 -197.

Gebremedhin, D., Hadhazy, P., Magyar, K. (1987) Inhibition by quinine of endorhelium-de-

pendent relaxation ofrabbit aortic strips. Br. J. Pharmacol. 92:835-841.

Gordon,4.M., Godt, R.E., Donaldson, S.K.B., & Harris, C.E. (1973) Tension in skinned frog

sartorius muscle fibres in solutions ofvarying ionic strength and neutral salt composition.

J. Gen, Ph¡niol. 62:550-574.

Gordon, J,L., Martin, W. (1983) Endothelium -dependent relaxation of the pig aorta: relation-

ship to stimulation of &Rb efflux form isolated endothelial cells. Br. J. pharmacol.

79:531-541.

Griesmeyer, E.C., & Coret, LA. (1960) R ecovery responses of hypoxic arterial smooth muscle.

294-302.

Griffith, T.M., Edwards, D.H., Henderson, A.H. (1987) Unstimulated release ofendothelium-

derived relaxing factor is independent of mitochondrial ATp generation. cardiovas.

Res.21:565-568.

53



Gufon, A.C. (1966) Textbook of Medical Ph¡niology. Third Edition.

Haeusler, G. (1978). Relationship between noradrenaline-induced depolarization and con-

traction in vascular smooth muscle. Blood Vessels 15t46-54.

Haller, c., & Kuschinsky, w. (1987) Moderate hypoxia: reâcrivity of pial arteries and local

effect of theophylline. J. Appl. Phpiol. 63:2208-2215.

Hand, J.M., Will, J.4., & Buckner, C.K. (1981) Effects of leukotrienes on isolated guinea pig

pulmonary arteries. Eur. J. Pharmacol. 76:439-442.

Hanna, C.J., Bach, M.K., Pare, P.D., & Schellenberg, R.R. (i981) Slow reacting substances

(leukotrienes) contract human airway and pulmonary vascular smooth muscle in vitt.o.

Nature 290:343-344.

Hardebo, J.E., Kahrstrom, J., Owman, C., & Salford, L.G. (1986) Endothelium-dependent

relaxation by urP and UDP in isolated human pial vessels. Blood Vessels 24:150-155.

Harder, D.R,, & Sperelakis, N. (1978) Membrane electrical properties of vascular smooth

musclefromtheguineapigsuperiormesentericartery.pfluegersArch.378:111-119.

Harder, D.R., & Sperelakis, N. (1979) Blood Vessels 16:186

Harder, D.R., & Waters, A. (1984) Electrical activation of arterial muscle. Int. Rev. Cl.

89:737-1,49.

Harper, S.L., Bohlen, H.G., & Rubin, M.J. (1984) Arterialand microvascular contributions to

cerebral cortical autoregulation in rats. Am. J. Ph¡niol. 246:H1,7 -H24.

54



Herget, R,, & McMurtry, I.F, (1987) Am, J. Ph¡niol. 253:H574-H578.

Hermann, 4., Gorman, A.L.F. (1979) Blockade of voltage-dependent and Ca2+ -dependent

K+ current components by internal Ba2* in molluscan pacemaker neurons. Experentia

35:229-231,.

Hermann,4., Gorman, A.L.F. (1981) Effects of 4-aminopytidine on potassium currents in a

molluscan neuron. J. Gen. Physiol. 78:63-86.

Hermsmeyer, K., Trapani, 4., & Abel, P.W. In 'Vasodilation,, pp.273-284, eds., p.M. Van-

houtte, and I. Leusen, R aven, New York,

Hess, P., Lansman, J.8., & Tsien, R.W. (1984) Different modes of calcium channel gating

behaviour favoured by d ihydropyrid ine calcium agonists and antagonists. Nature 311:538-

544.

Hicke¡ K.4,, Rubanyi. G., Paul, R.J., & Highsmith, R.F. (1985) Characrerizarion of a

coronary vasoconstrictor produced bycultured endothelial cells. Am. J. Ph¡rsiol. 248:C550-

c556.

Higgs, G.4., & Flower, R.J. (1981) In "SRS-A and Leukotrien es.,,pp. !97-207, ed., p.J. piper,

Research Studies Press, Letchworth, U.K.

Horn, L. (7977).In rFactors influencing vascular reactivity" pp. 106-130, eds., O. Carrier, Jr.,

and S. Shibata, Igaku-Shoin, Tokyo.

55



Howard, R.8., Hosokawa, T., & Maguire, M.H. (1984) Hypoxia-induced fetoplacental

vasoconstriction in cotyledons of human term placentas: antagonism by selected drugs.

(Abstract) Pharmacologist 26:144.

Howard, R.8., Hosokaw^, T., &. Maguire, M.H. (1987) Hypoxia-induced fetoplâc€ntal

vasoconstriction in perfused human placental cotyledons, Am, J. Obstet, Gynecol.

1.57:1267-1266.

Johns,4., Leijten, P., Yamamoto, H., Hwang, K., & Van Breemen, C. (1937) Calcium

regulation in vascular smooth muscle contractility. Am. J. Cardiol. 59:184-23A.

Johnson, H'G., & stout, B.K. (1988) Activityof a novel hydroquinone inhibitor of leukotriene

synthesis (U-66,858) in the rhesus monkey Ascaris reactor. Int. Arch. Allergy Appl.

Immunol. 87:204-207.

Jones, M.D., Sheldon, R.E., Peeters, L.L., Makoski,8.L., & Meschia, c. (1978) Regulation of

cerebral blood flow in the ovine fetus. Am. J. Physiol, 235:H762-H166.

Jones, M.D., Tra¡ntman, R.J., Simmons, M.4., & Molteni, R.A. (1981) Effects of changes in

arterial O2 content on cerebral blood flow in the lamb. Am. J. ph¡æiol. 240:H209-H2I5.

Kamm, K.E., & Stull, J.T. (1985) The funcrion of myosin and myosin light chain kinase

phosphorylation in smooth muscle. Ann. Rev. Pharmacol. Toxicol. 25:593-620.

Kanamura, K., Waga, S., Kojima, T., Fujimoto, K., & Itoh, H. (1987) Endothelium-dependenr

relaxation of canine basilar arteries. Pârt 1. Stroke 18:932-937.

56



Kannan, M.S., Jager, L.P., Daniel. E,E., Garfietd, R.E. (1983) Effects of 4-aminopyridine and

tetraethylammonium chloride on the electrical activity and cable properties of canine

tracheal smooth muscle. J. Pharmacol. Exp. Ther. 227:7O6-715.

Katase, T., & Tomita,T.(7972) Influences ofsodium and calcium on the recoveryprocess from

potassium contracture in the guinea pig taenia coli. J. Ph¡riol. 224:489-500.

Katusic, 2.S., Shepherd, J.T. & Vanhoutte, P.M. (1984) Vasopressin causes endothelium-de-

pendent relaxations ofthe canine basilar artery. Circ. Res. 55:575-579.

Katusic, Z.S. & Vanhoutte, P.M. (1986) Anoxic contractions in isolated canine cerebral

arteries: contribution of endothelium-derived factors, metabolites ofarachidonic acid, and

calcium entry. J. Cardiovasc. Pharmacol. 8(Suppl 8):S97-S101.

Kleber, A.G. (1984) Exracellular potassium in acute myocardial ischemia. J. Mol. Ce[.

Cardiol. 1,6:389-394.

Knutl, H.R., & Bose, D. (1975) Reversibilityof mechanical and biochemical changes in smooth

muscle due to anoxia and subslrate depletion. Am. J. Phlniol. 229':329-333.

Kontos, H,4., Wei, E.P., Navari, R.M., Levasseur, J.8., Rosenblum, W.I., & Patterson,

J.L. (1978) Responses ofcerebral arteries and arterioles to acute hypotension and hyper-

tension. Am. J. Phpiol. 234:H371.-H383.

Kowarski, D., Shuman, H., Somlyo, 4.P., & Somlyo, A.V. (1985) Calcium relase by

noradrenaline from central SR in rabbit main pulmonary arterysmooth mscle. J. physiol.

366:153-1,75.

57



Kroeger, 8., & Stephens, N. (1971) Effect of hypoxíâ on energy and calcium metabolism in

airway smooth muscle. Am. J. Phpiol. 220:1,199-1,204.

Kuschinsk¡ W., Wahl, M., Bosse, O., & Thurau, K. (1972) Perivascular potassium and pH as

determinants of local pial arterial diameter in cats. Circ. Res. 37:240-247,

Lang' S.4., & Maron, M.B. (1988) Role of prostaglandins in btood-induced vasoconstriction

ofcanine cerebral arteries. J. Cereb. Blood Flow Metab. 8:109-115.

Laszt, L. (1960) Effect of potassium on muscle tension, especially that of vascular smooth

muscle. Nature 185:696.

Lewis, R.,A.., & Austen, K.F. (1984) The biologically âctive leukotrienes. Biosl,nthesis, meta-

bolism, receptors, functions, and pharmacology. J. Clin. Invest. 73:889-897.

Lloyd, T.C., Jr. (1967) Influences ofPO2 and pH on resting and active tensions ofpulmonary

ârterial strips. J. Appt. Phpiol. 22:ll1l-1,1,09.

Lloyd, T.c', Jr' (1968) Hypoxic pulmonary vasoconstriction: role of perivascular tissue. J. Appl.

Ph¡niol. 25:560-565.

Lloyd, T.c., Jr. (1970) Responses to hypoxia ofpulmonary arterial strips in nonaqueous baths.

J. Appl. Ph¡rsiol. 28:566-569,

Lonigo, 4.J., Sprague, R.S., Stephenson, 4.H., & Dahms, T.E. (1983) Relarionship of

leukotriene C¿ and D¿ to hypoxic pulmonary vasoconstriction in dogs. J. Appl. physiol.

64:2538-2543.

58



Louis-Flamgberg, P., Krupinski-O lsen, R., Shorter, A.L., & Kemal, C. (1988) Reductive

inhibition of soybean lipoxygenase-l by NDGA. Ann. N.y. Acad. Sci. t942382-384.

Loutzenhiser, R., Leijten, P., Saida, K., & VanBreeman, C. (1985) Calcium compartments and

mobilization during contraction of smooth muscle. In "Calcium and contractility.', pp.

61-91, eds., A.K. Grover and E.E. Daniel, Humana Press, Clifton, NJ.

Lowr¡ O.H., Krayer, O., Baird Hastings, 4., & Tucker, R.P. (1942) Effects of anoxemia on

myocardium of isolâted heart of the dog. Proc. Soc. Exp. Bio. Med. 49:670-674.

Lundh, H., Thesleff, S. (1977) The mode of âcrion of 4-aminopy.idine and guanidine on

transmitter release from motor nerve terminals. Europ. J. Pharmacol. 422411.-41.2.

Ma, T.S., & Bose, D. (1977) Sodium in smooth muscle relaxarion. Am. J. Ph¡æiol. 232: C59-C66.

Mallick, 8.4., Bose, D., Chau, T. & Ong, B.Y. (1987) Mechanism of impaired myogenic

response in cerebral blood vessels during posthypoxic recovery. Can. J. phlsiol. pharm.

65:1,59-1,64.

McMurtry, I.F. (1984) Angiotensin is not required for hypoxic constriction in sa lt solution-per-

fused rat lungs. J. Appt. Phpiol, 56:375-380.

Meeves, H., Pichon, Y. (1977) The effect of internal and external 4-aminopyridine on the

potassium currents in intracellularly perfused squid giant axons. J. phpiol. (tondon)

268:571-532.

Moncada, S., Palmer, R.M.J. & Gryglewski, R.J, (1986) Mechanism of action of some in-

hibitors of endothelium-derived relaxingfactor. Proc. Natl. Acad. Sci. USA.83:91.64-9168.

59



Morganroth, M.L., Reeves, J.T., Murphy, R.C., & Voelkel, N.F. (1984) Leukotriene synthesis

and receptor blockers block hypoxic pulmonary vasoconstriction. J. Appl. Phpiot,56:1,340-

1346.

Morganroth, M. L., Stenmark, K.R., Zirrolli, J.4., Mauldin, R,, Mathias, M., Reeves, J.T.,

Murphy, R.C., & Voelkel, N.F. (1984) Leukotriene C4 production during hypoxic pul-

monary vasoconstriction in isolated rat lungs. Prostaglandins 28:867 -87 5.

Morii, S., Ngai, 4.C., & Winn, H.R. (1986) Reactivity of rat piat arterioles and venules to

adenosine and carbon dioxide: with detailed description of the closed cranial window

techniqe in rats. J. Cereb. Blood Flow Metabol. 6:34-41.

Moskowitz, M.4., Kiwak, K.J., Hekimian, K., & Levine, L. (1984) S1'nthesis of compounds

with properties of leukotrienes C+ and D¿ in gerbil brains after ischemia and reperfusion.

Science 224:886-889.

Nakagomi, T., Kassell, N.F., Sasaki, T., Fujiwara, S., l,ehman, R.M., Johshita, H., & Torner,

J,C. (1987) Etrect of hypoia on the contractile response to KCl, PGFz¿, and haemoglobin.

J. Neurosurg. 67 :565-572.

Namm, D.H., & Zucker, J.L. (1973) Biochemical alterations caused by hypoxia in the isolated

rabbit âorta. Circ. Res. 32:464-470.

Needleman, P., & Blehm, D.J. (1970) Effect of epinephrine and potassium chloride on

contraction and energy intermediates in rabbit thoracic aotra strips. Life Sci. 9:1181.

60



Nilsson, 8., Nordberg, K. Nordstrom, C.H., & Siesjo, B.K. (1975) Influence of hypoxia and

hypercapnia in rats. In "Blood flow and metabolism in brain". pp .9.19-9.23,eds., M. Harper

et al., Churchill Livingstone, Edinburgh.

Nordstrom, C.H., Rehncrona, S., Siesjo, 8.K., & Westerberg, E. (1,977) Adenosine in rat

cerebral cortex: its determination, normal values, and correlation to AMP and cAMP

during shortlasting ischemia. Acta. Physiol. Scand. 101:63-71.

Ohe, M., Mimata, T,, Haneda, T., & Takishima, T. (1986) Time course of pulmonary

vasoconstriction v/ith repeated hypoxia and glucose deprivation. Respir. Physiol. 63:177-

186.

Orange, R.P., & Austen, K.F. (1968) Pharmacologic dissociation of immunologic release of

histamine and SRS-A in rats. Proc. Soc. Exp. Biol. Med. L29:836-841,

Osaka, K. (1977) Prolonged vasopsasm produced by the breakdown products oferythrocytes.

J. Neurosurg. 47 t403-41,L.

Ozaki, N., & Mullan, S. (1979) Possible role of the erythrocyte in causing prolonged cerebral

vasospasm, J. Neurosurg. 5l:773-778.

Paoletti, P., Gaetani, P., Grignani, G., Pacchiarini, L., Silvani, V., & Rodriguez Y Baena, R.

(1988) CSF leukotriene C4 following subarachnoid hemorrhâge. J. Neurosurg. 69:488-493.

Park, T.S., Van Wylen, D.G.L., Rubio, R., & Berne, R.M. (1987) Increased brain interstitial

fluid adenosine concentration during hypoxia in newborn piglet. J. Cereb. Blood Flow

Metab. 7:178-183.

61.



Paul, R.J. (1980) Chemical energetics of vascular smooth muscle. In 'Tlandbook of Ph¡niol-

ogy", Vol. 2,pp.201-235, eds., D.F. Bohr, A.P, Somlyo, & H.V. Sparks, Jr. American

Physiological Societ¡ Maryland.

Paul, R.J., Lynch, R.M., & Krisanda, J.M. (1984) Vascular metabolism and energetics. Adv.

Exp. Med. Blol. 794:37 5 -387.

Paul, R.J., Krisanda, J.M., & Lynch, R.M. (1984) Vascular smooth muscle energetics. J.

Cardiovas. Pharmacol. 6:5320-5327.

Phitlis, J.W., Walter, G.4., O'Regan, M.H., & Stair, R.E. (1987) Increases in cerebral cortical

perfusate adenosine and inosine concentrations during hypoxia and ischemia. J. Cereb.

Blood Flow Metab. 7:679-686.

Raper, 4.J., Kontos, H.4., & Patterson, J,L, (1971) Response of pial precapillary vessels to

changes in ârterial carbon dioxide tension. Circ. Res. 27:559-568.

Rehncrona, S., Westerberg 8., Akesson, B., & Siesjo, B.K. (1982) Brain cortical fatty acids

and phospholípids during and following complete and severe incomplete ischemia. J.

Neurochem. 38:84-93.

Rimele, T.J., & Vanhoutte. P.M. (1983) Effects of inhibitors of arachidonic acid metabolism

and calcium entry on rosponses to ACh, potassium and norepinephrine in the isolated

canine saphenous vein. J. Pharmacol. Exp. Ther. 225:720-728.

Rimele, T.J., & Vanhoutte, P.M. (1984) Effects of inhibitors of arachidonic acid metabolism

and calcium entry on hypoxic contractions of the isolated canine coronary artery. From "

62



Calcium antagonists: mechanisms of action on cardiac muscle and vascular smooth

muscle.rrpp. 303-31,6, ed., N. Sperelakis, Boston, Mass.

Rosenblum, W,l. (1985) Constricting effect of leukotrienes on cerebral ârterioles of mice.

Stroke L6:262-263.

Rubanyi, G.M., & Vanhoutte, P.M. (1986) Oxygen-derived free radicals, endothelium, and

responsiveness of vascular smooth muscle. Am. J. Phpiol. 250:H815-H821.

Rubanyi, G.M., & Vanhoutte, P.M. (1986) Superoxide anions and hyperoxia inactivate en-

dothelium-derived relaxing factor. Am. J. Phpiol. 250-H822-H827.

Rubanyi, G.M. & Vanhoutte, P.M. (1985) Hypoxia releases a vasoconstrictor substance from

the canine vascular endothelium. J. Ph¡niol. 364:45-56.

Saida, K., & VanBreeman, C, (1983) Inhibiting effect of diltiazem on intracellular calcium

relase in vascular smooth muscle, Blood Vessles 20:105-108.

Schneider, W., Wahl, M., Kuschinsk¡ W., & Thurau, K. (1977) The use of microelectrodes for

meâsurement of local H+ activityin the cortical subarachno id spac€ ofcats. Pflugers Arch.

372:103-1,07.

Schramm, M., Thomas, G., Towart, R., & Franckowiak, G. (1983) Novel d ihyd ropyridines with

positive inotropic action through activation of calcium channels. Nature 303:535-537.

Sheard, P., Holroyde, M.C., Ghelani,4.M., Bantick, J.R., & Lee, T.B. (1982) Antagonists of

SRS-A and leukotrienes. In "Leukotrienes and other lipoxygenase products.r'pp. 229-235,

eds, B. Samuelsson and R. Paoleni, Raven Press, New York.

63



Shibata, S., & Briggs, A.H. (1967) Mechanical activity ofvascular smooth muscle under anoxia.

Am. J, Ph¡niol. 21,2:981-984.

Shimizu, T., Watanabe, T., Asano, T., Seyama, Y., & Takakura, K. (1988) activation of the

arachidonate 5-lipoxygenase pathway in the canine basilar artery afler experimantal sub-

ârachnoid hemorrhage. J. Neurochem. 51# 421,126-1,L31,

Simeone, F.4., Ryan, K., & Cotter, J. (1968) Prolonged experimental cerebral vasospasm. J.

Neurosurg. 29:357 -366,

Simeone, F.4., & Vinall, P. (1975) Mechanisms of contractile response of cerebral artery to

externally-applied f¡esh blood. J. Neurosurg. 43:37 -47.

Simeone, F.4., & Vinall, P.E. (1980) Etrect of oxygon and glucose deprivation on the

vasoactivity and calcium movement in isolated middle cerebral arteries. In "Cerebral

ârterial spasmr', pp.223-228, ed. R.H. Witkins, Williams & Wilkins, Balrimore.

Sollevi,4., Ericson, K., Eriksson, L., Lindqvist, C., Lagerkranser, M., & Stone-Elander,

S. (1987) Effect of adenosine on human cerebral blood flow as determined by positron

emission tomography. J. Cereb. Blood Flow Me tab.7:673-678.

Somlyo, A.V., Bond, M., Berner, P.F., Ashton, F.T., Holtzer, H., Somlyo,4.P., & Butler, T.M.

(1984) The contractile apparâtus of smooth muscle: an update. In "smooth muscle con-

traction,rred., Newman L, Stephens, Marcel Decker, New York,

Speden, R.N. (1970) Excitation of vascular smooth muscle. In "Smooth muscle.,,pp. 558-5g9,

eds., E. Bulbring and A. Brading and A. Jones and T. Tomita, Edward Arnold, London.

64



Stock, M.K., Anderson, D.F., Phernetton, T.M., Mclaughlin, M.K., & Rankin, J.H.G. (1980)

Vascular response of the fetal placenta to local occlusion of the maternat placental

vasculature. J. Devel. Physiol. 2:339-346.

Tagari, P., Du Boulay, G.H., Aitken, V., & Boullin, D.J. (1983) Leukotriene D¿ and the

cerebral vasculature in vivo and i¿ vi¡r¿. Prost. Leuko. Med. 'J,l:287-297.

Tanishima, T. (1980) Cerebral vasospasm: contrâctile activityof hemoglobin in isolated canine

basilar arteries. J. Neurosurg. 53:787-793.

Toda, N. (1978) Mechanical responses ofisolated dogcerebral arteries to reduction ofexternal

K, Na, and Ct. Am. J. Ph¡niol. 234:H4O4-H41.1*

Toda, N. (1988) Hemolpate inhibils cerebral artery relaxâtion. J. Cereb. blood Flow Metab.

8:46-53.

Van Breeman, C., Aarenson, P., & Loutzenhiser, R. (1979). Sodium-calcium interactions in

mammalian smooth muscle. Pharmacol. Rev. 30:167-208.

Vane, J.R,, Gryglewski, R.J., & Botting, R.M. (1987) The endothelial cell as a metabolic and

endocrine organ. Trends Pharmacol. 8:497-496.

Vanhoutte, P.M., Rimele, T.J., & Flavahan, N.A. (1985) Lipoxygenase and calcium entry in

vascular smooth muscle. J. Cardiovas. Pharmacol. 72547 -552.

Vanhoutte, P.M., Rubanyi, G.M., Miller, V.M., & Housron, D.S. (1986) Modulation of

vascular smooth muscle contraction by the endothelium. Ann. Rev. phpiol. 48:307 -320.

65



Van Nueten, J.M., & Vanhoutte, P.M. (1980) Effoct of the calcium antâgonist lioflazine on

normoxic and anoxic contractions of canine coronary arterial smooth muscle. Eur. J.

Pharmacol. 64:173 -17 6.

Van Nueten, J.M., Van Beek, J., & Vanhoutte, p.M. (1980) Inhibitory effect of lidoflazine on

contraction ofisolated cânine coronary arteries caused by noreph inephrine,5-hydroxfryp-

tamine, high potassium, anoxia, and ergonovine maleate. J. pharmacol. Exp. Ther.2I3:I7g-

187.

Van Nueten, J.M., De Ridder, W., & Van Beek, J. (1982) Hypoxia and spasms in the cerebral

vasculature. J. Cereb. Blood Flow Metab. 1:S29-S31.

Van Nueten, J.M., Van Beek, J., & Vanhoutte, P.M. (1983) Effect of calcium entry blockade

and serotonergic antagonism on contractions of hypoxic isolated canine coronary arleries.

Archs. Int. Pharmacodl'n. Ther, 265:L72-176.

Vleugels, 4., Vereecke, J., & Carmeliet, E. (1978) The effect of mild hypoxia on the ionic

currents in cardiac muscle. Soc. Belge. Physiol. Pharmacol. 117g-11,79.

wahl, M., & Kuschinsk¡ w. (1976) The dilatory action of adenosine on pial arteries of cats

and its inhibition by theophylline. Pfleugers Arch.362:55-59.

Wei, E.P., & Kontos, H.A. (1981) Role of adenosine in cerebral arteriolar dilation from arterial

hypoxia. J. Cereb. Blood Flow Metab. 1:F1-F2.

Wilde,A.A.M.,&Kleber,A.G.(1986)Thecombinedeffecrsofhypoxia,highK+,andacidosis

on the intracellular sodium activity and resting potential in guinea pig papillary muscle.

Circ, Res. 58:249-256.

66



Williams, T.J., & Piper, P.J. (1980) The action of chemically pure SRS-A on the microcircula-

tion ìn vivo. Prostaglandins 19:779-789,

Winn, H.R., Rubio, R., & Berne, R.M. (1979) Brain adenosine production in the rat during

60 seconds of ischemia. Circ. Res. 45:486-492,

Winn, H.R., Rubio, R., & Berne, R.M. (1981) Brain adenosine concentration during hypoxia

in rats. Am. J. Physiol. 241,:H235-H242.

Worley, J.F., Deitmer, J.N., & Nelson, M.T. (1986) Single nisold ip ine-sensitive calcium

channels from smooth muscle cells isolated from rabbit mesenteric artery. Proc, Natl.

Acad. Sci. 82:5746.

Yamamoto, M., Ohta, T., & Toda, N. (1983) Mechanisms of relaxant action of nicardipine, a

new calcium antagonist, on isolated dog cerebral and mesenteric arteries. Stroke 14:270-

275.

Yoshida, S., Inoh, S., Asano, T., Sano, K., Kubota, M., Shimazaki, H., & Ueta, N. (1980) Brain

free fatty acids ând their peroxidation in ischemic and postischemic brain injury. Stroke

11:128 (abst).

Yoshida, S., Inoh, S., Asana, T., Sano, K., Shimazaki, H., & Ueta, N. (1983) Brain free fatry

acids, edema, and mortality in gerbils subjected to transient bilateral ischemia and effect

of barbiturate anesthesia. J. Neurochem. 4O:1278-t286.

Zawadzki,J.Y ., Cherry, P.D., & Furchgott, R.F. (1980) Comparision of endorhelium-depend -

ent relaxation of rabbit aorta by 423187 and by ACh. Pharmacologist 22:27 ! (Abstract).

67



zawadzki,J.Y.,Furchgott, R.F., & cherr¡ P. D. (1981) The obligaroryrole ofendothelial cells

in the relaxation of arterial smooth muscle by substance p. Fed. proc. 40:6g9 (Abstract).


