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SUMMARY

Acetylcholine (ACh), histamine (HIST), vasoactive intestinal 

polypeptide (VIP), adenosine triphosphate (ATP), adenosine 

diphosphate (ADP) and A23187 were all found to induce dose- 

dependent relaxations of the rat aortic strip which were dependent 

on the presence of the endothelium. These endothelial-dependent 

relaxations were not inhibited by the cyclooxygenase inhibitor 

indomethacin (INDO) but were inhibited by the dual cyclooxygenase/ 

lipoxygenase inhibitor eicosatetraynoic acid (ETYA). Other 

lipooxygenase inhibitors which were also inhibitory to the 

endothelium dependent relaxations were BW755C and nordihydroguaiaretic 

acid (NDGA)

Arachidonic acid (AA) caused both contractile and relaxant 

effects depending on the bath concentration. The contractile effect 

was inhibited by INDO. The relaxant effect of AA was not inhibited 

by INDO but was inhibited by ETYA, and was also dependent on 

the endothelium. Other unsaturated fatty acids - eicosapentaenoic 

acid, homogammalinolenic acid, docasahexaenoic acid and a-linolenic 

acid - also induced endothelial-dependent relaxations on the rat 

aortic strip. Lysophosphatidylcholine induced dose-dependent 

relaxations which were not inhibited by INDO but were inhibited 

by ETYA. This effect was also dependent on the endothelium. 

Platelet-activating factor (PAF) induced a single non-sustained 

relaxation.

Phospholipase A^ (PLA^) did not induce relaxation but



phospholipase C (PLC) elicited a single relaxation which was 

dependent on the endothelium. Addition of ACh or further PLC to a 

pre-contracted str^p following a PLC induced relaxation failed to 

induce any decrease in tension.

Several antioxidants including a-tocopherol, cysteine and 

hydroquinone inhibited endothelium dependent relaxations but free- 

radical scavengers such as superoxide dismutase (SOD) and catalase 

were without effect.

The guanylate cyclase inhibitor methylene blue inhibited 

endothelial dependent relaxations. However cyclic 3',5' guanosine 

monophosphate (cGMP) and dibutryrl cGMP failed to elicit relaxation 

when added to the bathing medium of a pre-contracted aortic strip. 

Cyclic 3',5' adenosine monophosphate (cAI4P) and dibutryrl cAIlP 

were also without effect.

In diabetic rats, the sensitivity of the aorta to noradrenaline 

(NA) is significantly increased but the relaxant effect of ACh, 

although rower in diabetic rats does not differ significantly from 

control.

In the mesenteric vascular bed ACh, HIST, ATP and papaverine 

(PAP) induced dose-dependent decreases in perfusion pressure. The 

response to ACh was inhibited slightly by INDO. Dual cyclooxygenase/ 

lipoxygenase inhibitors could not be used as they resulted in 

a loss of ability of the preparation to contract to phenylephrine. 

Pumping air through the preparation which is thought to result
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in removal of the endothelium much reduced the vasodepressor 

effects of ACh and ATP but not those to HIST and PAP.
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1.O INTRODUCTION



i.

1.1 THE HISTOLOGY OF ARTERIES

The walls of arteries consist of three coats (1) the tunica 

intitia (the innermost coat) (2) the tunica media and (3) the tunica 

adventitia (the outermost coat). The relative thickness of each 

c oat and the type of tissue it contains depends on the type of 

artery. There are three main kinds of arteries which perform somewhat 

different functions. These are elastic arteries, muscular (distri

buting) arteries and arterioles. The elastic arteries are those 

leading directly from each ventricle, the pulmonary and the aorta 

and also the brachiocephalic, common carotid, subclavian and 

common iliac arteries and as their name suggests are constructed 

chiefly of many layers of elastic laminae in order to maintain 

pressure in the arterial system between contractions of the heart.

The branches that arise from the largest arteries to deliver 

blood to various parts of the body must be capable of having the 

size of their lumina regulated so that appropriate amounts of blood 

can be delivered at any given time and their walls consist mainly 

of circularly-disposed smooth muscle fibres. Delivery of arterial 

blood into capillary beds is achieved by arterioles with thick 

muscular walls. Their function is to deliver blood under reduced 

pressure to protect the fragile walls of the capillaries.

Arterioles have a relatively narrow lumen which offers considerable 

resistance to the blood flow and allows relatively high pressures 

to be built up behind them.

1.1 i) The Endothelium

The vascular endothelium represents a special epithelium
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interposed as a partially selective diffusion barrier between 

the plasma and intestinal fluid. The endothelium, or intima, is 

similar in the different kinds of arteries but it is conceivable 

that structural and functional differences may exist between cells 

from different vascular beds. In the elastic arteries the endothelium 

is thicker and may represent one fifth the total thickness of 

the wall. The endothelial cells are extensively linked by a 

strongly organized combination of occluding (tight) junctions with 

intercalated communicating (gap) junctions. Other cell types 

such as loose connective tissue, elastic fibres, fibroblasts, 

macrophages and a few elongated smooth muscle cells orientated 

longitudinally are commonly described as being present in 

the intima. The external border of the intima is marked by an 

internal elastic lamina which merges with the tunica media.

In small arteries and arterioles basal processes of the 

endothelial cells penetrate through fenestrae of the elastic 

lamina to form myoendothelial junctions with adjacent 

smooth muscle cells (Rhodin, 1967; Huttner, Bautet and More 

1973). At present the nature of these junctions remains to 

be clarified. Whereas tight junctions form local 

permeability barriers, gap junctions are considered as 

low resistance pathways for intercellular communication 

(Friend and Gilula, 1972); they are widely implicated in cell 

to cell transfer of ions (ionic or electronic coupling) 

and in cell to cell transfer of cellular metabolites (metabolic 

coupling) (Gilula, Reeves and Steinbach, 1972). Gap junctions 

have been shown to occur in the endothelium of rat arteries 

(Huttner et al., 1973) and also between arterial smooth muscle



cells (Iwayama, 1971). If gap junctions occur at myoendothelial 

locations it would suggest that the entire endothelial and smooth 

muscle apparatus form a coupled system .

The endothelial cell is a fairly uniform repeating unit, 

polygonal in shape and oriented in the long axis of the vessel 

presumably due to the shearing effects of the blood flow. The 

endothelial cells possess all the common sets of organelles, 

the most characteristic feature being the numerous uniformly 

distributed plasmalemma vesicles. Vesicles are active in the 

transendothelial transport of some water soluble molecules and 

can function as isolated units or fuse and form patent trans

endothelial channels (Simonescu , Simonescu and Palade, 1975). 

Contractile proteins have been reported as being present in 

endothelial cells(Odland, 1961). However the function of these 

are thought to be more likely for structural support than for 

actual contraction of the endothelial cells. In addition a unique 

type of inclusion is often present. These are round to elongated 

structures packed with parallel tubules, 15 nm diameter, which 

are assembled in the Golgi complex. They are often termed 

Weibel-Palade bodies (Weibel and Palade, 1964).

Qualitative cytochemical investigations revealed the presence 

in the endothelial cells of a relatively large spectrum of enzymes 

involved in activities such as anaerobic glycolysis, oxidative 

phosphorylation and desulphation. Results obtained from studies 

on endothelial cells have revealed that these cells contain
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substances with a variety of metabolic activities: angiotensin- 

converting enzyme (Kininase II) (Ryan, Ryan, Whittaker and Chiu, 

1976); catechol-0-methyItransferase and mono-amine oxidase 

that inactivate norepinephrine and serotonin (Barone, Stitzel 

and Head, 1983); synthetic enzymes for prostaglandin production 

(Christ and Dorp, 1972), particularly PGIg, a potent vasodilator 

(Moncada , Herman, Higgs and Vane, 1977); enzymes for metabolism 

of adenine nucleotides (Pearson, Carleton and Gordon, 1980); 

the plasminogen activator (Buonassisi and Colburn,

1980) and also the coagulant substances tissue factor (Zeldis, 

Nemerson, Pitlick and Lenz, 1972) and plasminogen inhibitor 

(Loskuloff and Edgington, 1977). Endothelial cells also secrete 

blood group antigens and are capable of synthesizing collagen 

for its own basil lamina, fibronectin, elastin and glycosamino- 

glycans (Buonassisi, 1973).

1.1 ii) Smooth Muscle

Most smooth muscle cells are small, elongated and spindle shaped. 

Depending on the source the cell length varies from about 20 ym 

in arterioles to 200 - 300 ym in some visceral smooth muscle 

(Burnstock, 1970). The cell packing density also varies. In 

contrast to skeletal muscle which has extracellular space 

comprising 7-10% of its volume (Ling and Kromash, 1967), no 

smooth muscle seems to have less than 10% of its volume as 

extracellular space and the value for aortic media has been 

shown to be 50 - 60% (Gabella, 1979). The larger extracellular



space and larger surface area of smooth muscle cells allows the 

possibility of accommodating more extracellular free or bound calcium.

Advances in elucidating smooth muscle structure have always 

followed a few paces behind those in striated muscle.

Advantages of studying the latter are their large fibres which 

can be easily teased apart, their relative abundance and relative 

purity of the cell type makes isolation and purification of even 

minor components much easier. Improved fixation and embedding 

procedures for electron microscopy (EM) did much to improve 

preservation of cellular details in smooth muscle. In the early 

1960s with the introduction of epoxy resins, thin (actin) filaments,

6 - 8 nm diameter, were seen routinely and have now been shown 

to occur in every smooth muscle cell which has been examined 

(Pollard and Weihing, 1974). Towards the end of the 1960s 

glutaraldehyde began to be used as a primary fixative and reports 

of smooth muscles with thick (myosin) filaments, 15 - 18 nm 

diameter began to show in the literature (Somlyo, Devine,Somlyo 

and Rice, 1973; Bois, 1973). Other filaments of a constant 

diameter of 10 nm were reported and named intermediate fibres 

(Ukhara, Campbell and Burnstock, 1971) the function of which is 

believed to be more cytoskeletal than contractile. Other 

elements recognized by EM are the membrane associated dense bodies 

and cytoplasmic dense bodies (Somlyo et ai.,1973).

A major concern has always been whether the structural 

organization of smooth muscle is compatible with a sliding filament



mechanism of contraction. With the success in preserving both 

thick and thin filaments some studies were made to determine the 

distribution of filaments in relaxed and contracted smooth muscles. 

Supportive evidence for the sliding filament theory was obtained 

insofar as that filaments became more segregated into groups of 

like filaments during relaxation and more randomly distributed 

during contraction (Heumann, 1973). However similarities to 

striated muscle such as a longitudinal alternation of thick 

and thin filament bands were not shown.

The interaction betwben myofilaments leading to contraction

of smooth muscle is triggered by an increase of calcium ion

concentration in the cytoplasm. In skeletal muscle the contraction

is regulated by Ca ^ binding to the troponin-tropomyosin complex

located on the thin filament, actin. Although the contractile

proteins of smooth muscle are fundamentally similar to those of

skeletal muscle the Ca regulation appears to be different. In
+ ■+*smooth muscles the generally accepted mode of Ca -sensitive

regulation occurs at the level of myosin. Sobieszek and Small

(1975) showed that myosin was the only component in gizzard

actomyosin that binds significant amounts of Ca^^. It was also

shown that smooth muscle myosin could be phorphorylated in the 
2+presence of Ca and the site of phosphorylation is the 20,000 

dalton light chain (LC20) (Askoy, Williams, Sharkey, and Hartshorne, 

1976).

The final common pathway of the control functions of
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contractile activity is regulation of intracellular calcium levels 

in the smooth muscle cell. Two different sources of calcium can 

be mobilized for contraction (Daniel, Crankshaw and Kwan, 1979); 

an extracellular pool which is present as free ions in extracellular 

fluid or loosely bound to superficial sites in the muscle fibre, 

and an intracellular pod stored in or lightly bound to intra

cellular sites in the smooth muscle.

1.2 MECHANISMS OF RELAXATION OF VASCULAR SMOOTH MUSCLE

1.2 i) Lowering of activator calcium

Physiological and pharmacological regulation of the 

contraction or relaxation of vascular smooth muscle is determined 

by the concentration of activator calcium in the sarcoplasm .

Contraction is initiated when this calcium concentration exceeds
-7 -510 M and reaches its maximum at 10 M. Under normal conditions

in situ vascular smooth muscle is partially contracted which

indicates that the concentration of activator calcium falls between
-7 -510 M and 10 M.

The intracellular calcium concentration ( CCa] )̂ may 

be increased by passive influx or by release from internal

sources. Since the external calcium concentration is greater than
— 3 “610 M and that in partially contracted smooth muscle is 10 M,

there is a 1,000 fold concentration gradient across the plasma

membrane. As the inside of the cell is electronegative, both chemical



and electrical gradients act to force Ca^ through special channels 

in the plasma membrane. Because of the enormous electrochemical 

gradient against which calcium must be removed this process requires 

energy. l\;o important systems are involved in removing

calcium from the sarcoplasm; sequestration into intracellular 

structures such as the sarcoplasmic reticulum and efflux across 

the plasma membrane.

It is thought that an important source of the energy required 

for the extrusion of calcium from the cell is the counterflow of 

sodium into the cell along its electrochemical gradient (Blausten, 

1976). In a tightly linked transport system this downhill flow 

of sodium into the cell supplies energy that extrudes calcium 

from the cell. There is also some evidence for an ATP dependent 

Ca transport system present in the plasma membrane (Kwan, Garfield 

and Daniel, 1979; Wuytack, Landon, Fleischner and Hardman, 1978; 

Crankshaw, Challis, Patrick and Daniel, 1979).

1.2 ii) Mechanism of potassium induced vasodilation

The most frequently reported response of isolated vascular

smooth muscle to an increase in bath is contraction. However

on a preparation having some initial tension relaxation is observed

when exploring the lower range of (Katz and Lindner, 1938).
+It has been shown that K vasodilations can be blocked or 

reversed by ouabain a potent Na , K , ATPase inhibitor (Chen, 

Anderson, Scott and Haddy, 1971) suggesting that K^ vasodilation



results from stimulation of cell membrane Na , ATPase which
+ +activates an electrogenic Na -K pump causing hyperpolarization 

and relaxation of the vascular smooth muscle cell.

1.2 iii) Vasodilators acting directly on smooth muscle cells 

This class includes those substances that act via 

receptors located externally on the cell membrane of the smooth 

muscle cell such as the 3-adrenergic stimulant isoprenaline . B 

receptors in the coronary arteries are classified as 3 ^ receptors 

(Bohr, 1967; de la Lande, Harvey and Holt, 1974) although 

measurements on the rabbit thoracic aorta suggest that this vessel 

contains 3^ receptors (Furchgott, 1967). It has been postulated 

that adenosine 3',5'monophosphate (cyclic AMP) is the mediator 

of B adrenergic vasodilation (Namm and Leader, 1976). Other 

drugs exerting a relaxant effect on vascular smooth muscle were 

found to inhibit cAMP breakdown in vitro and to potentiate catecholamine- 

induced relaxation and accumulation of cyclic AMP (Poch and 

Kukovetz, 1972; Triner, Nahas,Vulliemoz, Overweg, Verodky,

Habif and Ngai, 1971). Such drugs which have been shown to inhibit 

cAMP breakdown in acellular preparations (Chasin and Harris,

1976) include cyclic AMP derivatives, theophylline, papaverine, 

imidazolidinones, pyrazolopyridines and diazoxide. In the case 

of methylxanthines, isoquinoline compounds and imidazolidines 

a correlation has been found between potencies of inhibition 

of in vitro cylic AMP hydrolysis and relaxing potencies on 

vascular smooth muscle strips (Kukovetz, Poch, Wurm, Holzmann
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and Paietta, 1976; Lugnier, Bertrand and Stoclet, 1972) or 

in vivo vasodilating and antihypertensive effects (Pettinger, 

Sheppard, Palkoski and Renyi, 197 3).

Other vasodilators have been shown to increase the guanosine 

3',5'-monophosphate (cyclic GMP) content of smooth muscle (Schultz, 

Schultz and Schultz, 1977). This group of compounds includes 

sodium nitroprusside, sodium nitrate, isosorbide dinitrate, 

sodium thiocyanate, nitroglycerol, nitric acid and dipyridamide. 

Although the original work was carried out on rat vas deferens, 

these compounds have also been shown to increase cGMP in 

vascular tissue (Arnold, Mittal, Katsuki and Murad, 1977;

Diamond and Blisard, 1976; Galvas and Disalvo, 1983).

Studies on the rat aorta suggest that different enzymes 

catalyze the hydrolysis of the two cyclic nucleotides (Stockist, 

Lugnier, Michon-Keraris, Scheffel, Bucher, Stierle, Ilien, 

Demesy-Waeldele and Landy, 1980).

1.2 iv) Vascular relaxant effects mediated via the endothelium

It is only relatively recently that Furchgott and Zawadzki 

(1980) discovered that the relaxation by acetylcholine (ACh) 

on pre-contracted isolated preparations of arteries is dependent 

on the presence of the endothelium. The initial work was performed 

on descending thoracic aorta of rabbits but soon the endothelium- 

dependent relaxation of ACh was shown to be typical of many different 

arteries. Since Furchgott and Zawadzki's initial observation.
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endothelial cell dependency has been attributed to many vaso

dilator substances; bradykinin in the case of human and canine 

arteries (Altura and Chand, 1981; Chand and Altura, 1981; Cherry, 

Furchgott and Zawadzki, 1981; Cherry, Furchgott, Zawadzki and 

Jothianandan, 1982), histamine on the rat aorta (Van de Voorde 

and Leusen, 1983) and guinea-pig pulmonary artery (Satoh and 

Inui, 1984), ATP and ADP (de Mey and Vanhoutte, 1980, 1981; 

Furchgott and Zawadzki, 1980c; Furchgott, 1981), substance P 

(Zawadzki, Furchgott and Cherry, 1981; Cocks and Angus, 1983), 

thrombin on canine arteries (De Mey, Claeys and Vanhoutte, 1982)and 

the calcium ionophore A23187 (Zawadzki, Cherry and Furchgott,

1980; Furchgott, 1981). Vasoconstrictor substances such as 

noradrenaline (NA) and 5-hydfoxytryptamine (5-HT) have also been 

shown to have a vasodilatory action via the endothelium in 

strips of pig and dog coronary arteries (Cocks and Angus, 1983).

The discovery of the endothelial-dependent relaxation of 

isolated arteries by ACh explained the anomaly of the potent 

vasodilator activity of ACh in vivo and its contractile action 

on isolated preparations (Furchgott, 1955). In earlier experiments 

the endothelium had been damaged during tissue preparation.

Only the contractile effect of high doses of ACh acting directly 

on the smooth muscle was then apparent.

Furchgott and Zawadzki (1980) demonstrated that the relaxant 

effect of ACh at low concentrations and contractions at higher 

concentrations were atropine-sensitive and therefore the effects 

were mediated via muscarinic receptors. Furthermore they
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demonstrated the release of a relaxing substance or substances 

from the endothelium with their 'sandwich' preparation. A regular 

transverse strip freed of endothelial cells was tested when 

mounted separately and also when mouted, intimai surface gainst 

intimai surface with a longitudinal strip of the same width and 

length with endothelial cells present. Because of the orientation 

of its muscle cells, the longitudinal strip could contribute 

only trivial increases in tension on the strain gauge during 

contractions. It was demonstrated that a de-endothelialized 

transverse strip which failed to relax to ACh when mounted 

separately relaxed when mounted as a sandwich with the longitudinal 

strip, indicating generation of an endothelium derived relaxing 

factor (EDRF).

In view of the existing information about prostaglandins 

the possibility was considered that prostacyclin (PGI^) or some 

other prostaglandin was the EDRF mediating the ACh-induced 

relaxation of the isolated rabbit aorta. This possibility was 

ruled out when it was found that none of the prostaglandins 

tested (PGIg, PGEg, PGE^, PGA^/ PGF^^) had any relaxing effect 

on rabbit aorta and that cyclooxygenase inhibitors, indomethacin 

and aspirin, did not inhibit the ACh-induced relaxation (Furchgott 

and Zawadzki, 1980a, 1980b). However these workers did demonstrate 

that the relaxant action of ACh could be reversed with 5,8,11,14- 

eicosatetraynoic acid (ETYA), a dual cyclooxygenase Lipoxygenase 

inhibitor of Arachidonic acid (AA) metabolism (Higgs, Flower 

and Vane, 1978), and mepacrine, an inhibitor of the release of
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AA from membrane phospholipids (Vargaftig and Dao Hai, 1972).

In the light of the possibilities of eicosanoid involvement 

in the mode of action of EDRF an outline of AA metabolism is 

given below :

1.3 ARACHIDONIC ACID METABOLISM

Prostaglandins (PCs), thromboxanes (TXs) and lipoxygenase 

products including the leukotrienes (LTs) are all oxidized 

metabolites of certain polyunsaturated 20-carbon atom fatty acids. 

These essential fatty acids may have three, four or five double 

bonds ; 5,8,11-eicosatrienoic acid, 5,8,11,14-eicosatetraenoic acid 

or arachidonic acid (AA) and 5,8,11,14,17-eicosapentaenoic 

acid respectively. In most mammalian organs AA is the predominant 

naturally occurring precursor. PCs and TXs are metabolites of 

endoperoxides derived by cyclooxygenation of AA (Figure 1). PCs 

have a cyclopentane ring in the 8-position, whereas TXs have a 

tetrahydropyranyl ring in this position. TXA^ is a highly unstable 

bicyclic compound with a 9,11-oxido bridge. Prostacyclin (PGIg) 

is also unstable with a bicyclic ether in its structure. 

Lipoxygenase products on the other hand have no ring structure 

(Figure 2). LTs are oxygenated metabolites of AA with a conjugated 

triene structure and glutathione (LTC^), cysteinylglycine (LTD^) 

or cysteine (LTE^) in a thioether linkage at the 5-position. 

Arachidonic acid metabolites are not stored

and any increase in their levels induced by a physiological



Figure 1. The cyclooxygenase pathway of Arachidonic Acid Metabolism

AA Arachidonic Acid

HETE 11! Iroxyeicosatetraenoic acid

HHT hydroxyacid-12L-hydroxy-5,8,10-heptadecatrienoic acid

MDA Maliondialdehyde

TXA^ Thromboxane A^

TXB„ Thromboxane B_

1. Phospholipase A^or C

2. Cyclooxygenase

3. Hydroperoxidase

4. Thromboxane synthetase

stimulators (+) and inhibitors (-) 
mepacrine (-)
Indomethacin (-), aspirin (-) 
Eicosatetraenoic acid (-), Heme (+)
Heme (+), tryptophan (+) 

N-butylimidazole (-), Burimamide(-)

5. PGF_ reductase2a
6. PGEg isomerase

7. PGDg isomerase

8. PGI 2  synthetase

glutathione (+)

15 HPAA (-)
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Figure 2. The lipoxygenase pathway of Arachidonic Acid Metabolism

Inhibitors

1. Phospholipase A^ (PLA^) or C (PLC)

2. 12 lipoxygenase

3. 15 lipoxygenase

4. 5 lipoxygenase

5. Hydroperoxidase

6. 8 lipoxygenase

7. LTA synthetase

8. LTB synthetase

9. Glutathione S-transferase

10. Y Glutamyl transpeptidase

11. Aminopeptidase

Mepacrine

ETYA, NDGA, BW755C, 
Anthralin

ETYA, NDGA

ETYA, NDGA, BW755C, 
U60257

060,257
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or pathological stimulus occurs through their rapid biosynthesis 

(Piper and Vane, 1971).

AA is normally bound as an ester in the phospholipids of 

cell membranes. The release of free AA is essential since this 

provides the substrate for the cyclooxygenase and lipoxygenase 

enzyme systems. In platelets which have intrinsic histological 

similarities to smooth muscle (Becker and Nachman, 1973) AA is 

esterified in the 2 position of phosphatidylcholine and phospha- 

tidylinositol. The first step to liberate AA is conversion of 

phosphatidylinositol to 1,2-diglycerol by phospholipase C 

followed by hydrolysis of AA by diglyceride lipase (Bell,

Kennerly, Stanford and Majerus, 1979). AA from other phospholipids 

is released primarily by the action of phospholipase A^ (Billah, 

Lapetina and Cuatrecasas, 1980). A wide variety of stimuli 

activate phospholipase. Perturbation of the cell membrane appears 

to be a major mechanism of activation since nonspecific stimuli 

such as mechanical stimulation (Piper and Vane, 1971) and distension 

(Horton, Jones, Thompson and Poyser, 1971) as well as specific 

receptor activation (Peskar and Hertting, 1973; Heinz and Wolfgang, 

1983) induce phospholipase activity.

Phospholipase activity is dependent on increased concentrations 

of intracellular calcium either by mobilization of calcium stores 

or by movement of calcium into the cell (Kittenhouse-Simmons 

and Deykin, 1978; Billah et al., 1980). This can be accomplished 

by both stimulus secretion coupling and excitation-contraction 

coupling (Hurwitz, Hubbard and Little, 1972; Daniel, Crankshaw
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and Kwan, 1979). Anti-inflammatory glucocorticoid steroids prevent 

arachidonic acid release from phospholipids. The steroid action 

is dependent on receptor occupation, nucleic acid transcription 

and synthesis of a polypeptide known as macrocortin (Blackwell, 

Carnuccio, di Rosa, Flower, Parente and Persico, 1980) or 

lipomodulin (Hirata, Schiffmann, Venkatasubramenian, Salomon and 

Axelrod, 1980) which prevents the activation of phospholipase 

A^ . The antimalarial drug mepacrine also inhibits phospholipase 

A^ (Vargaftig and Dao Hau, 1972) and has also been shown to have 

inhibitory effects on phospholipase C and phosphatidic acid 

phosphatase (Erman, Azuri and Raz, 1983).

Once released, free AA is rapidly metabolized to oxygenated 

products by two distinct mechanisms, lipoxygenation and cyclo

oxygenation.

1.3 (i) The cyclooxygenase pathway

It has long been established that AA can be metabolized 

to a number of stable bisenoic prostaglandins: PGAg, PGDg, PGEg 

and PGFg^ and to the unstable PGI^ and TXAg. The cyclooxygenase 

is a complex microsomal enzyme which results in oxygenative 

cyclization and hydroperoxide cleavage. The first step is 

lipoxygenase-like in that molecular oxygen is incorporated into 

the 11-position of AA to form 11-hydroperoxyeicosatetraenoic 

acid (11-HPETE). Another molecule of oxygen is incorporated as 

a hydroperoxide in the 15-position. The dioxygenation and
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subsequent cyclization appear to proceed via a free radical mechanism 

(Carpenter, 1981 ) • Heme is required for the conversion of AA 

to PGGg and heme and tryptophan for the peroxidation of PGGg 

to PGHg. Endoperoxide synthetase activity is enhanced by the 

formation of other free radicals and lipid peroxides in small 

quantities, but an excess is inhibitory (Hemler, Cook and Lands,

1979; Fridovich and Porter, 1981). Vitamin E (a-tocopherol) 

at physiological concentrations is required for PG synthesis 

(Chan, Allen and Hegarty, 1980; Carpenter, 1981) but at high 

concentrations inhibits cyclooxygenase presumably by non selective 

anti-oxidant activity (Vanderhoek and Lands, 19713). Similar 

modulation by Vitamin E occurs in the lipoxygenation of AA in 

leukocytes (Goetzl, 1980).

Cyclooxygenation is most effectively inhibited by a group of 

drugs known as non-steroidal anti-inflammatory drugs (NSAIDs).

These agents have no inhibitory action on the peroxidase despite 

potent inhibitions of the cyclooxygenase (Kuehl, Humes,

Torchiana, Ham and Egan, 1979). The mechanism of inhibition 

of PG synthetase by these agents is complex and might differ for 

the various drugs. Aspirin acetylates a serine on the active 

site of the cyclooxygenase and is therefore an irreversible 

inhibitor (Roth, Stanford and Majeus, 1975). The inhibition 

by indomethacin is time and substrate dependent (i.e. competitive) 

and although in seminal vesicles its action is irreversible 

(Flower, 1974), reversibility has been demonstrated in other 

systems including tracheal smooth muscle (Burka and Paterson, 1980).
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The degree to which NSAIDs inhibit PG synthetase from various 

tissue preparations also varies. For example indomethacin is 

approximately 30 times more potent as a cyclooxygenase inhibitor 

in platelets than in coronary arteries (Schror, Sauerland, Kuhn 

and Rosen, 1980).

The endoperoxide PGHg serves as a common precursor for the 

enzymatic synthesis of bisenoic PGs, PGIg and TXs. The individual 

enzymes responsible for the biochemical conversion of PGH^ are 

selectively distributed. Most cells are capable of producing a 

number of PGHg metabolites but usually a particular enzyme 

predominates.

It is well documented that PGIg is produced by endothelial 

cells and recently there has been evidence for a thromboxane 

synthetase in these cells llngerman-Wojenski, Silver, Smith and 

Macarak, 1981; Crutchley, Ryan, Ryan and Fisher, 1983). Production 

of PGEg and PGF^^ from AA in cultured endothelial cells has also 

been reported(Ingerman-Wojenski et al., 1981) and there is 

evidence for phospholipase A^ and C in pig aortic endothelial 

cells which can be stimulated by bradykinin (Hong and Deykin,

1982).

Vascular smooth muscle cell cultures are also capable of 

producing PGIg, PGEg and PGF^^(Ingerman-Wojenski et al., 1981;

Ody, Seillan and Russo-Marie, 1982; Pomerantz, Tall, Feinmark and 

Cannon, 1984 ) but there is apparently no evidence for a thromboxane 

synthetase.
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In contrast to the stable bisenoic prostaglandins, the half 

lives of PGIg and TXA^ are very short (3 min and 32 sec respectively 

in neutral buffer at 37°C) (Johnson, Morton, Kinner, Gorman,

McGuire, Sun, Whitaker, Bunting, Salmon, Moncada and Vane, 1975; 

Hamberg, Svensson and Samuelsson, 1975).PGI^ is metabolized 

non-enzyraatically to the relatively inactive 6-keto PGF^^ and 

enzymatically by 9-OH PG dehydrogenase to 6-keto PGE^ which 

is equipotent to PGIg as an inhibitor of platelet aggregation 

(Wong, Malik, Desiderio, McGiff and Sun, 1980). TXAg is metabolized 

to the relatively inactive (Hamberg et al., 1975). The

prime sites for the metabolism of circulating PGs in the bloodstream 

for all species are the lung and liver. It has been shown that a 

single passage through the lungs of a cat, dog or rabbit caused 

a 90 - 95% loss of biological potency of PGs and a single circul

ation through the liver caused a 70 - 93% reduction (Ferreira 

and Vane, 1967). PG 15 OH dehydrogenase is probably the main 

enzyme responsible for the extremely effective destruction by 

the lungs of biological activity of the PGs.

1.3 ii) The lipoxygenase pathway

Although the presence of lipoxygenase enzymes in plants 

and the peroxidation of lipids have been known for some time, 

the discovery of lipoxygenases in mammalian tissues is fairly 

recent. Hamberg and Samuelsson (1974) and Nugteren (1975) first 

demonstrated a lipoxygenase in blood platelets which oxidizes 

AA to 12-hydroperoxyeicosatetraenoic acid (12-HPETE). This
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labile hydroperoxide is transferred by reduction to the more stable 

hydroxy acid 12-HETE. A series of stereochemically specific lipo

xygenase appear to exist which result in peroxidation in the 

5,8,9,11,12 or 15 positions of AA.

The lipoxygenases are a group of iron containing dioxygenases 

which catalyze the hydroperoxidation of polyunsaturated fatty 

acids that contain a penta-1,4-diene system . Figure 3 shows 

the mode of action of lipoxygenase (Hayaishi, Nazuki and Abbot,

1975). The initial step of hydroperoxidation is stereospecific 

hydrogen abstraction from position 3 of the penta-1,4-diene 

system. It has been suggested that H* thus formed disintegrates 

into a proton (H ) and an electron that is taken up by the 

non-haem iron within the lipoxygenase. The intermediate fatty 

acid radical reacts with molecular oxygen (triplet state) 

to form the peroxy radical; an electron is transferred from 

the enzyme-bound iron to generate the peroxy anion, which is 

protonated to give the hydroperoxide. At the same time, one 

electron shift occurs generating the conjugated l-cis-3-trans- 

diene system (Veldink, Vliegenthart and Boldingh, 19/7). The 

hydroperoxides so produced are then converted into a series of 

less toxic metabolites.

The leukotrienes are a family of biologically active substances, 

containing three conjugated double bonds, derived from AA via 

action of a 5-lipoxygenase. The 5-HPETE synthesized in response 

to the lipoxygenase activation can be enzymatically reduced to
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5-HETE (Borgeat, Hamberg and Samuelsson, 1976) or be converted 

by a dehydrase to another unstable intermediate LTA^ (5-trans- 

5,6-oxido-7,9-trans-ll,14-cis-eicosatetraenoic acid) (Hammarstrom, 

Murphy, Samuelsson, Clark, nioskowski and Coray, 1978). This may 

be hydrolyzed to LTB^ (5,12-diHETE) (Borgeat and Samuelsson, 1979) 

or if glutathione is readily available there is a reduced formation 

of LTB^ and increased synthesis of LTC^, suggesting that 

glutathione-S-transferase has a higher affinity for LTA^ than does 

the LTB^ synthetase (Jakshik and Lee, 1980). LTC^ may be meta

bolized further by enzymes of the glutathione detoxification 

pathway, y-glutamyl transferase and cystein-glycine dipeptidase 

to generate LTD^ and LTE^ (Morris, Taylor, Jones, Piper, Samhoun 

and Tippins, 1982). LTE^ may then be converted to LTF^ by y- 

glutamyltranspeptidase if glutathione is available (Bernstroem 

and Hammarstroem, 1982).

The acetylated analogues of 5,8,11 eicosatrienoic and 

5,8,11,14 eicosatetraenoic acids - 5,8,11-eicosatriynoic and 

5,8,11,14-eicosatetraynoic (ETYA) acids respectively - appear 

to compete with substrate and thus inhibit the production of 

cyclo-oxygenase and lipoxygenase products (Flower, 1974;

Orning and Hammarstrom, 1980). The lipoxygenase enzyme can 

also be inhibited by 1-phenyl-3-pyrazolidone (phenidone) 

(Blackwell and Flower, 1978) and its structural analogue 

3-amino-l- m-trifluromethyl-phenyl -2-pyrazoline (BW755C) 

(Higgs, Flower and Vane, 1979), nordihydroguaretic acid 

(NDGA) (Morris, Piper, Taylor and Tippins, 1979), benoxaprofen
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(Walker, Boot, Cox and Dawson, 1980) and a series of phenyl 

hydrazones (Waliach and Brown, 1981). The mechanism of enzyme 

inhibition of these compounds is not known but may reflect anti

oxidant properties (Duniec, Robak and Gryglewski, 1983).

12 HETE is produced from rat vascular tissue (Taylor and 

Morris, 1983) and evidence has been reported of the presence of 

a lipoxygenase pathway in porcine vascular tissue (Piper, Letts, 

Tippins and Barnett, 1983) and also in guinea-pig aorta (Woelding, 

Aehringhaus, Peskar and Peskar, 1983).

1.3 iii) Pharmacological manipulation of AA metabolism

The use of different inhibitors of AA metabolism can 

provide evidence for AA metabolite (eicosanoid) involvement. 

Mepacrine and steroids will inhibit production of all eicosanoids; no 

block by indomethacin but inhibition by ETYA indicates the involve

ment of a lipoxygenase product.

The lipoxygenase enzyme has proved difficult to block 

selectively. Most accepted lipoxygenase blockers such as ETYA,

NDGA and BW755C also have cyclooxygenase inhibiting activity.

However, recently some selective inhibitors have been reported; 

esculetin (dihydroxycoumarin) (Neichi, Yasuko and Murota, 1983) 

and cirsiliol (a tridhydroxy dimethoxy flavone) (Yoshimoto,

Furukawa, Yamamoto, Horie and Watanabe, 1983).
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1.3 iv) Action of eicosanoids on smooth muscle

Although the generalized activity of AA metabolites on 

smooth muscle is either relaxation or contraction, the same PG 

may, depending on the concentration employed and the tone and 

physiological state of the tissue initiate either response. For 

instance, PGEg the major prostanoid produced by the guinea-pig 

trachea (Burka, Ali, McDonald and Paterson, 1981) can contract 

this tissue at low concentrations and only relaxes at higher 

concentrations (Gardiner and Collier, 1980). Present evidence 

suggests that separate receptors exist for PGD, PGE, PGF, PGI 2  

and TXAg and leukotrienes (Horton, 1979; Feigen and Chap wick,

1980; Fitzpatrick, Bundy, Gorman and Honohan, 1978; Miller and 

Gorman, 1979), however conclusive evidence for distinct receptors 

using receptor antagonists is lacking.

Most vascular beds, particularly the heart, kidney, mesentery

and skeletal muscle produce primarily the potent vasodilator PGIg,

and some PGE^ (Mullane, Moncada and Vane, 1979). Exogenous AA

and PGIg increase vascular flow in all these tissues and sufficient

concentrations will induce systemic hypotension. Both PGIg and

TXAg have been shown to be synthesized by rabbit pulmonary artery

(Salzman, Salmon and Moncada, 1980) and TXA^; PGHg and AA to

contract this tissue. TXA_ and PGF_ are smooth muscle constrictor2 2a
prostanoids.

LTC^ and LTD, are stimulators of smooth muscle contraction 4 4
particularly of the airways (Goetzl, 1980) and will cause intense
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constriction of arterioles when topically applied to the hamster 

cheek pouch (Dahlen, Bjock, Hedqvist, Arfos, Hammarstrom, Lindgen, 

and Samuelsson, 1981). LTE^ is considerably less potent in 

contracting smooth muscle, and LTF^ is weaker still (Bernstroem 

and Hammarstroem, 1982). LTB^ a potent chemotactic and chemokinetic 

agent does not appear to have any smooth muscle stimulating activity. 

The physiological role of HETES is not fully understood. It is 

known that they possess chemotactic activity on neotrophils 

(Goetzl and Sun, 1979) and that they may regulate AA metabolism 

to prostacyclin (Greenwald et al., 1979). In preliminary micro- 

circulatory studies Altura, Lefer and Schumer (1983) report that 

15HPETE is a potent spasmogen and capillary permeability inducing 

agent whereas 12 HETE and 5HETE are potent vasodilators in certain 

intact microvessels.

1.4 AIMS

The aims of the study were as follows :

1. To investigate whether the endothelium was involved in

relaxation to ACh on the rat thoracic aorta as has been 

demonstrated in other species.

2. To study a wide spectrum of vasodilator agents for any

involvement with the endothelium.

3. To study the effects of AA and AA metabolites on this

preparation.

4. To test the effects of inhibitors of AA metabolism for



27

their effects on endothelial dependent relaxant responses.

5. To test the effects of various antioxidants and free radical

scavengers on EDRF.

5. To investigate the role of the endothelium in the mesenteric

vascular bed with an aim to generating EDRF for cascade 

experiments.



2.0 METHODS AND MATERIALS
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2.1 TRANSVERSE AORTIC STRIP PREPARATION

Male Wistar rats (350 - 450 g) were killed by decapitation 

and the thoracic aortae carefully dissected out. After removal 

of adherent tissue, rings 5 mm wide were cut from the middle 

section. Each ring was then opened by a longitudinal cut. Fine 

nickel pins were then placed through both cut edges and each 

preparation was attached to an isometric transducer to record 

tension changes in the circular muscle (Fig. 4). Each strip 

was placed under Ig initial tension and bathed with Krebs' 

solution at 37°C bubbled with 95% 0^/5% CO^ in a 20 ml 

organ bath. The tissue was allowed to equilibrate for 45 

minutes prior to drug addition.

2.1 i) Log Dose Response Curves

A full dose response relationship was obtained by the 

cumulative addition of noradrenaline (NA) or phenylephrine 

(PHE) to the organ bath. The dose producing a response 

approximately 80% of maximum was then selected as the dose 

to pre-contract the tissue prior to the addition of a 

vasodilator substance (in one set of experiments approximately 

40% maximal response was used). Only preparations in which 

the contraction evoked by this dose was maintained for a 10 

minute period were used for experimentation. With each relaxant 

a cumulative dose-response curve was then constructed on the 

pre-contracted strip. For graphical plots the decrease in 

tension produced by each dose was expressed as a percentage 

of the tension produced by the contractile substance.
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2.1 ii) De-endothelialization

Preparations were normally de-endothelialized in the 

organ bath by rubbing the intimai surface of each strip with a 

metal probe covered in cotton wool. In some experiments strips 

were de-endothelialized in the same manner prior to mounting.

The efficacy of this technique for removal of the endothelium 

was assessed by electron microscopy. After removal of the 

endothelium the tension was readjusted to 1  g and allowed to 

re-equilibrate for 30 minutes.

2.1 iii) Incubation with antagonists

All antagonist drugs or drugs being investigated for 

their effects on endothelial-dependent relaxations were allowed 

to equilibrate with the preparation for 15 minutes prior to 

the addition of the vasoconstrictor.

2.1 iv) Electron Microscopy

The preparation of the tissue for electron microscopical 

examination was carried out by Miss Jackie Price of the Royal 

United Hospital, Bath.

Before fixation the aortic tissue was chopped into - 1 mm^. 

The tissue was fixed in 2.5% glutaraldehyde in cacodylate buffer, 

pH 7.4 for 4 hrs at 4°C. After rinsing in buffer the tissue was 

then post fixed in 1 % osmium tetroxide for 1  hour at room 

temperature, washed in water, into saturated uranyl acetate for
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30 minutes and washed in water. The tissue was then dehydrated 

through 30, 50, 70, 90 and lOO% acetone with three changes of 

lO minutes for each. From acetone the tissue went into acetone/ 

spurr resin 1:1 and was left overnight. Three changes of neat 

resin of 1  hour each were followed by embedding in neat resin 

and polymerization at 70°C overnight. Sections were cut using 

a 90 nm diamond knife and copper grids, stained with uranyl 

acetate and lead citrate and observed with a Jeol 100s electron 

microscope at 80 KV.

2.1 v) Diabetic rats

Diabetes was induced in male rats with streptozotocin. 

Streptozotocin was dissolved in water and given i.p. at a dose 

of 80 mg/kg. The rats were used for experimentation two weeks 

after the administration of streptozotocin. At this time 

the level of ketones in the urine were assessed with Diastix 

and were found to be 2% or above. Control rats of the same age 

and weight were injected i.p. with water and housed under 

similar conditions.

2.2 THE MESENTERIC VASCULAR BED

Male Wistar rats (250 - 400 g) were killed by decapitation. 

The perfused mesenteric vascular bed was prepared essentially as 

described by McGregor (1965). The superior mesenteric artery 

was cannulated and the mesenteric bed perfused with Krebs' at



32.

37°C bubbled with 95% 0 2 / 5 % CO 2  at 3 ml/min. The ileo-colic branch 

of the superior mesenteric artery was tied off. The vascular bed 

was carefully dissected away from the intestines and exteriorized.

The perfusion apparatus is shown in Fig. 5. Krebs' solution

oxygenated with 95% O 2 / 5% CO 2  and passed through a heating coil

at a constant rate (3 ml/min) by a roller pump, through tubing

containing an injection port to the cannula inserted into the

superior mesenteric artery. The perfusion pressure was measured

with a pressure transducer. The tissue was suspended in a heating

jacket and the perfusate collected through a funnel for the

cascade experiments. The water in the heating coil and heating
ojacket was kept at 42 c to maintain the temperature of the 

mesenteric bed at 37°c.

A dose-response curve to PHE was obtained by perfusing the 

preparation with varying concentrations of PHE in Krebs' solution. 

A dose producing near-maximal response was used as a standard 

to maintain elevated pressure in the vascular bed. Vasodilator 

substances were injected in bolus doses through the injection port. 

Inhibitors of AA metabolism were dissolved in Krebs' (indomethacin) 

or alcohol (ETYA), added to the reservoir and perfused through 

the tissue for at least 15 minutes prior to the addition of PHE.

2.2 i) De-endothelialization

Attempts to remove the endothelium from the vascular bed
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were made by i) perfusing the tissue with distilled water for 

2 minutes; ii) pumping air through the tissue, and iii) injecting 

collagenase in bolus doses.

2.2 ii) Cascade experiments

The aortic strip was found to be more sensitive to

phenylephrine than the mesenteric vascular bed. Thus it was
—  0necessary to perfuse phentolamine (2.5 x 10 M) over the aortic 

strip, this shifted the dose response curve to PHE to the right 

thus preventing supramaximal stimulation of the aorta. (It had 

been noted that the relaxant effects of ACh were markedly 

reduced when aortic strips were exposed to supramaximal doses 

of NA or PHE).

2.3 SOURCES OF CHEMICALS

A23187 Sigma

Acetylcholine chloride Sigma

Adenosine S igma

Adenosine di phosphate Sigma

Adenosine mono phosphate Sigma

Adenosine tri phosphate Sigma

Arachidonic Acid Sigma

Ascorbic Acid Sigma

Atropine sulphate S igma

Benoxaprofen Lilly
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N-Butylimidazole

BW755C

Catalase

Cyclic AMP

Cyclic GMP

D-Cysteine

L-Cysteine

Dime thy1sulphox ide

Dibutryrl cAMP

D i b u t r y r l  cGMP

Dithrothreitol

Docasahexaenoic acid methyl ester 

Eicosatetraynoic acid 

Eicosapentaenoic acid 

Esculetin 

FPL 55712

Glutathione (reduced)

Histamine diphosphate 

DL-Homocysteine 

Hydralazine HCl 

Homo Y linolenic acid 

Hydroquinone 

Indomethacin 

ct-Linolenic acid 

Lipoxidase

Lysophosphatidylcholine-oleoyl 

Mepacrine HCl

Koch-Light Labs.

Wellcome

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Roche

Sigma

Sigma

Fisons

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Merck, Sharp and Dohme

S igma

Sigma

S igma

Sigma
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Mepyramine maleate May and Baker

Methylene blue Fisons

MgsOj Fisons

Nordihydroguaiaretic acid Aldrich

Papaverine HCl Sigma

Platelet-activating factor Sigma

Phospholipase Sigma

Phospholipase C Sigma

Prostaglandin S igma

Prostin Upjohn

Prostin F„ 2a Upjohn

Prostacyclin (PGIg) Wellcome

Superoxide dismutase Sigma

Sodium carbonate B.D.H.

Sodium nitroprusside Sigma

Theophylline Sigma

Thrombin Sigma

D-a-Tocopherol acetate Sigma

D-a-Tocopherol mixed isomers S igma

Verapamil Abbot

Vasoactive intestinal polypeptide Sigma

Composition of Krebs' solution: NaCl, 6.9; KCl, 0.35; CaCl^/ 0.55;

KHPO^, 0.16; MgSO^.VH^O, 0.16; Glucose, 1.0 and NaHCO^, 2.1 (g/1).
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2.3 i) Preparation of drugs

a) Arachidonic acid - AA was dissolved in toluene and 

stored under nitrogen in ampoules at -20°C. Before each experiment 

the toluene was evaporated with nitrogen. Sodium arachidonate 

was prepared by the addition of an equivalent amount of sodium 

carbonate and dissolved in Krebs' solution.

b) Indomethacin - indomethacin was also dissolved in 

Krebs' solution using sodium carbonate.

c) Eicosatetraynoic acid, nordihydroguaiaretic acid, D-a- 

tocopherol, Lysophosphatidylcholine-oleoyl, N-butyl-imidazole 

and retinol were dissolved in 95% ethanol. The final concent

ration of ethanol in the bathing medium was not greater than 

0.5%.

d) A23187 and FPL55712 - stock solutions of these drugs 

were made up in dimethylsulphoxide (DMSO). Further dilutions 

of A23187 were made up in ethanol, and the final vehicle 

concentration was never more than 0.5% for either vehicle.

e) Platelet activating factor (PAF) - PAF is stored in 

chloroform. Before each experiment the chloroform was evaporated 

with nitrogen and PAF was resuspended in 95% ethanol. The final 

concentration of ethanol in the bathing medium was not greater 

than 0.5%.
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f) Unsaturated fatty acids - eicosapentaenoic, homo- 

gammalinolenic, docasahexaenoic and a-linolenic acids were 

dissolved in 95% ethanol prior to addition to the bathing medium. 

The final concentration of ethanol was not greater than 0.5%

All other drugs were made up daily in Krebs' solution.
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3.1 CONTRACTILE AND RELAXANT SUBSTANCES ON THE RAT AORTIC STRIP

3.1 i) Effects of contractile agents on the rat aortic strip

Relaxant drugs added to aortic strips placed under resting

tension or mechanically induced tension produced no relaxations.

It was therefore necessary to contract the strips prior to the

addition of relaxant agents. In the initial part of the study

NA was used as the drug to pre-contract the strips. However, it

was found that sometimes a preparation would not sustain a

contraction for a period of lO minutes (the approximate time

needed to construct a dose-response curve with a relaxant drug)

and thus could not be used for experimentation. In order to

avoid the use of antioxidants needed to preserve the NA, PHE

was adopted as an alternative adrenergic agonist. Figure 6

demonstrates the relative potencies of the two agonists (n=16)

NA is the more potent agonist, it produces a greater mean
-9maximum tension than PHE and has an ED^^ of 2.8 x 10 M

—  8compared to 1.6 x 10 M for PHE.

3.1 ii) Acetylcholine-induced relaxation of aortic strips pre

contracted to 40% and 80% maximum tension 

ACh was found to cause a dose-dependent relaxation on the 

rat aortic strip. It was noticed that the degree of relaxation 

varied with the level of pre-contraction and hence it was 

considered necessary to investigate the effect of the level of 

pre-contraction on the relaxant responses to ACh.
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Figure 6. Log dose-response curves to noradrenaline (NA) and

phenylephrine (PHE) on the circular muscle strip of the 

rat aorta. Points and vertical bars represent mean 

» S.E.M. (n=lG)
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ACh produced a greater percentage relaxation of aortic 

strips contracted to 40% maximum tension than on strips con

tracted to 80% maximum tension (Figure 7). Using a students 

paired T-test these responses were significantly different 

(p < 0.05) at every concentration tested (n=ll). The results 

demonstrate the necessity for a standard level of pre-contraction 

when observing relaxanti responses.

3.1 iii) Endothelial-dependent responses to various relaxant

substances

Many substances were found to exert their relaxant effects 

on the aortic strip via the endothelium. These included ACh,

VIP and HIST (Figure 8). The tissue was pre-contracted with NA 

to a tension 80% maximum. When the response had plateaued a 

cumulative log dose-response curve was constructed to ACh. This 

was repeated for HIST and VIP.

PAP, a direct smooth muscle relaxant was used as a control.

The endothelium was removed from the aortic strip in the organ 

bath by rubbing the intimai surface. After this procedure the 

tissue was re-equilibrated for 30 mins and then again pre

contracted to 80% of maximum with NA. ACh was added cumulatively 

up to a concentration twice that of the highest control concen

tration but no relaxation could be elicited. Similarly HIST 

up to a concentration which previously elicited maximal relaxation, 

and VIP up to a concentration half that which previously elicited
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Figure 7. Log dose-response curves to acetylcholine (ACh) on rat

aortic strips precontracted with a dose of noradrenaline (NA) 

corresponding to 40% maximal contraction (triangles) and 80% 

maximal contraction (circles). Points and vertical bars 

represent ± S.E.M. (n=H .
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(HIST) and vasoactive intestinal polypeptiae (VIP) on 

rat aortic strip are endothelium-dependent. After 

removal of the endothelium by rubbing (DE-END) the 

relaxant effects of ACh, HIST and VIP were abolished. 

The response to papaverine (PAP) was not affected.
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maximal relaxation did not induce any decrease in tension. In 

other experiemnts it was found that the block of HIST responses 

could not be overcome by increasing the concentration above 

that required for maximal contraction on the control. However 

the response to PAP was of a similar magnitude to the control 

response indicating that the smooth muscle was still capable 

of relaxation. Although the response to PAP was not decreased 

it was slower after the endothelium was removed.

ADP, ATP and A23137 were similarly found to exert their 

relaxant effects on the aortic strip via the endothelium (Figure 

9). ACh was used as a positive control. Once the endothelium 

had been removed by intimai rubbing, the strip failed to relax 

to ACh and similarly the responses to ADP, ATP and A23187 were 

abolished. Increasing the concentrations of the relaxants above 

the control values required for maximal relaxation did not result 

in any decreases in tension. On the contrary, a slight increase 

in tension was noted with higher ATP concentrations after 

removal of the endothelium. The preparation again maintained 

its response to PAP.

3.1 iv) Electron microscopy of aortic strips

Sections drawn randomly from a rubbed and an unrubbed 

aortic strip were examined under the electron microscope, in 

order to assess the effectiveness of the rubbing of the intimai 

surface in removing the endothelial cells. In sections from the
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unrubbed strip the endothelial cells formed a continuous layer 

on the intimai surface with only occasional gaps, presumably 

due to damage during strip preparation or in the processing of 

the tissue for E.M. In sections from the rubbed strip the 

intimai surface was smooth with only the occasional endothelial 

cell remaining in some sections. Figure 10 shows detail from 

a section from an unrubbed aortic strip and detail from a 

section from the same aorta that had been rubbed.

3.1 v) The effect of de-endothelialization on the contractile 

response to NA

As there are marked differences in relaxant responses to 

ACh after 40% and 80% maximum NA induced contractions of aortic 

strips it was decided to construct log dose-response curves to 

NA before and after de-endothelialization. It was found that 

the tissue was more sensitive to NA after removal of the endo

thelium by rubbing the intimai surface (Figure 11). Contractions
-9were significantly greater at low NA concentrations (1.4 x 10 M;

p < 0.05) and significantly lower at high NA concentrations
-8(4.5, 9 and 35.8 x 10 M) on de-endothelialized aortic strips 

at each dose level (p < 0.05). However the concentration required 

to produce 80% maximal contraction did not differ significantly 

in the presence or absence of endothelium (n=6).



Figure 10. Electron micrographs of sections from a rat aortic 

strip. The top micrograph is a section from an 

unrubbed strip and the bottom micrograph is from 

a rubbed strip from the same aorta. Magnification 

is X 4,810.
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13

O

8
NORADRENALINE LOG MOLAR CONCENTRATION

Figure 11. Log-dose response curves to noradrenaline, before

(circles) and after (squares) de-endothelialization 

Points and vertical bars represent means i SEM (n=6). 

Asterisk indicates a significant difcerence 

(p < O.Ob).
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3.1 vi) Relative potencies of endothelial-dependent relaxants

Cumulative results obtained with relaxants acting via the

endothelium are shown in Figure 12. VIP was found to be the most
-9potent relaxant of the aortic strip, a mean dose of 2.7 x 10 M

"8 “6 producing 50% relaxation compared to 8 x 10 M ACh, 2.5 x 10 M
“6HIST and 2.2 x 10 M ATP. ADP was the least effective in

relaxing the rat aortic strip. The mean maximum relaxation was
~645% of the initial contraction and this was elicited at 10 M.

A23187 was tested on the aortic strip in five experiments in

three concentrations which were at the upper end of the dose-
-7response curve. At 10 M A23187 stimulated a mean relaxant 

response, 85% of the initial contraction. The dose-response 

curves obtained with these agonists were not parallel and the 

maximal effects of the relaxants differed.

—7In four experiments atropine (1 x 10 M) antagonized the 

relaxant responses to ACh. One such experiment is shown in 

Figure 13. Control responses to ACh, VIP, HIST and PAP were 

obtained. After incubation with atropine, the relaxant responses 

obtained with higher doses of ACh were much smaller. This 

antagonism was selective as the responses to VIP, HIST and PAP 

were similar to controls.

The ability of histamine receptor antagonists to block

histamine induced relaxations was also investigated. Mepyramine
-7 -6(2.5 X 10 M) but not cimetidine (2 x 10 M) antagonized

the relaxant responses to HIST without affecting those to ACh
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Figure 13. Log dose-response curves to acetylcholine (ACh) ,

histamine (HIST) and vasoactive intestinal polypeptide 

(VIP) on the rat aortic strip before and after treatment 

with atropine. Atropine selectively antagonized the 

relaxant effect of ACh.
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or PAP (Figure 14).

3.1 vii) Endothelial-independent relaxants on the aortic strip

Sodium nitroprusside, hydralazine, papaverine, theo

phylline, adenosine and magnesium sulphate all relaxed the 

rat aortic strip. None of these relaxations were dependent on 

the endothelium. After the endothelium had been rubbed off and 

the aortic strip no longer relaxed in response to ACh, relaxations 

to these substances could still be elicited-

Log-dose response curves to sodium nitroprusside, hydralazine,

magnesium sulphate and adenosine were obtained but responses to

papaverine and theophylline were 'all or none' in nature.
-5Papaverine at 3 x 10 M always produced a relaxation approximately

90% the initial contraction. However at half this concentration

often no relaxation was observed. Theophylline was less potent

a relaxant than papaverine. Typically a concentration of 
-41.1 X  10 M theophylline was required to produce a relaxation

— 5comparable to that induced by 3 x 10 M PAP.

Endothelial-independent relaxants are generally less potent 

than endothelial-dependent relaxants on rat aortic strips. With 

the exception of sodium nitroprusside, higher concentrations 

are required to produce relaxations 50% of an 80% maximum 

contractile response. However for facility of comparison the 

mean doses causing 50% relaxation of aortic strips are shown 

below in Table 1.
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Figure 14. Log dose-response curves to acetylcholine (ACh) and 

histamine (HIST) on the rat aortic strip before and 

after incubation with the Hg-receptor antagonist 

cimetidine and the H^-receptor antagonist mepyramine. 

Mepyramine but not cimetidine selectively antagonized 

the response to HIST.
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Several other substances were tested for relaxant activity

on the rat aortic strip but were found to be without effect.
—. G

These included bradykinin (0.8 x lO M - 1.6 x 10 M) (n=6),
-8thrombin (0.5 - 20 units/ml) (n=5) and substance P (1.6 x 10 M - 

2 X 10 ^ M) (n=6).

3.2 THE EFFECTS OF ARACHIDONIC ACID ON RAT AORTIC STRIPS

AA had both contractile and relaxant effects on the rat

aortic strip depending upon the bath concentration (Figure 15).
— 6At concentrations above 3 x 10 M, AA invariably contracted the 

aortic strip. This contraction was dose-dependent but the dose- 

response curve was very steep so that a dose twice that giving 

a 50% maximal contraction would maximally contract the tissue. 

The contraction to AA was usually unsustained and the tissue 

relaxed after reaching a peak tension. The relaxation often 

resulted in a return to basal tension. At concentrations an 

order of magnitude lower, AA relaxed a 40% maximally pre

contracted rat aortic strip. Preincubation of the tissue
-5with indomethacin (2.8 x 10 M) in the bathing fluid for 

15 mins. abolished the contractile effect of AA, revealing a 

weak relaxation, but did not inhibit the pure relaxant response. 

However pre-incubation of the tissue with ETYA for 15 mins. 

abolished the relaxant effect of AA (n=5).

In other experiments, the effect of AA was studied before 

and after de-endothelialization of the aortic strip. Removal
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Figure 15. Dual actions of arachidonic acid (AA) on the rat aortic 

strip. The contractile effect of AA seen at high doses 

was not sustained. When noradrenaline (NA) was added 

to contract the tissue, smaller doses of AA induced a 

relaxant effect. Indomethacin (INDO) preincubated with 

the aorta for 15 minutes inhibited the stimulant action 

of AA but did not inhibit the relaxant response. 

Eicosatetraynoic acid (ETYA) pre-incubated for 15 minutes 

blocked the relaxant effect of AA.
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of the endothelium was found to abolish the relaxant effect of 

low doses of AA. Figure 16 shows the result of one such 

experiment (n=4). Furthermore whereas AA produced an unsustained 

contraction with the endothelium intact, after de-endothelialization 

the contraction was sustained (Figure 17) (n=5).

The sensitivity of aortic strips to AA was found to vary 

considerably among batches of rats. Whereas in the initial 

experiments AA was very potent in contracting and relaxing the 

rat aortic strips, in later experiments it was found to be less 

potent in both respects.

In two experiments contractile responses to AA were obtained.

The strips were then equilibrated with n-butylimidazole (3.2 x 
—4lO M) for 15 minutes. Subsequent responses to AA were unaffected 

by this exposure.

3.2 i) Effects of AA metabolites on the rat aortic strip

PGE^, PGFg^, PGDg and the epoxy-methano analogue of PGHg,

U46619 were tested on the rat aortic strip. All of these were

contractile (Figure 18). U46619 was the most potent in this
-8respect, maximally contracting the tissue at 3 x 10 M (n=4).

PGE- and PGF_ were contractile at concentrations 0.57 x 10 ^ M 2 2a
-6and above (n=4) and PGD^ at 7.1 x 10 M and above (n=4). Like 

AA the dose-response curves to these prostanoids were steep.

A dose twice that required to 50% maximally contract the tissue
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Figure 16. The relaxant effect of arachidonic acid (AA) on the 

phenylephrine (PE) contracted rat aortic strip is 

endothelial-dependent. After removal of the endothelium 

by rubbing (DE)the relaxant responses to acetylcholine 

(ACh) and AA are abolished. However the tissue maintains 

its response to papaverine (PAP).
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Figure 17. The 'fade' of arachidonic acid (AA)-induced contraction 

on the rat aortic strip is endothelial cell-dependent. 

After removal of the endothelium (DE-END) the relaxant 

response to acetylcholine (ACh) was abolished as was 

the 'fade' with AA.
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maximally contracted the preparation.

The contractions elicited by these prostanoids were sustained 

although occasionally a phasic effect was observed where once 

maximum contraction was obtained a partial relaxation occurred 

and then the tension would return to maximal (Figure 18). This 

would be repeated to form a regular pattern.

None of the prostanoids tested relaxed the aortic strip.

PGEg, PGF^^, PGDg and PGIg were applied to pre-contracted strip

(n=4) in concentrations lower than those required for contraction
-9 -7(2.1 X 10 M - 1.4 X 10 M) but no decrease in tension was

—  6observed. At high concentrations PGIg (7.9 x 10 M) caused an 

increase in tension.

3.2 ii) Effects of other unsaturated fatty acids on the pre-contracted 

aortic strip

Eicosapentaenoic acid (EPA), docosahexaenoic acid (DCHA), 

a-Linolenic acid (aLIN) and homogammalinolenic acid (HyLIN)

were tested on the pre-contracted rat aortic strip (Figure 19).
-6 -5EPA (6.6 X  10 M - 3.3 X  10 M) (n=4) relaxed the strip. In

two experiments this relaxation was inhibited by pre-incubation
-6with INDO (2.8 X  lO M) but in one other experiment the response

-5was not inhibited by INDO (2.8 x 10 M) but was inhibited
-5 -5by ETYA (3.4 x 10 M ) . HyLIN (3.6 x 10 M) (n=4) also relaxed

the aortic strip and this relaxation was blocked by INDO
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Figure 18. The contractile effects of PGE^/ PGF^^/ PGD^ and U46619

on rat aortic strips.
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Figure 19. The relaxant effects of several unsaturated fatty 

acids on phenylephrine (PHE) contracted rat aortic 

strips. Eicosapentaenoic acid (EPA), docosahexaenoic 

acid (DCHA), a-Linolenic acid (aLIN) and homogamma

linolenic acid (HyLIN) all induced a relaxant response
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(2.8 X  lO ^ M) (n=3). aLIN (3.6 x 10 ^ M - 1.8 x lO ^ M) (n=4)
-6 -6and DCHA (2.9 x 10 M - 5.8 x 10 M) (n=3) also induced relaxation 

of the rat aortic strip. All of these relaxant effects were 

dependent on an intact endothelium. After rubbing of the 

intimai surface no relaxation was observed with these unsaturated 

fatty acids.

3.2 iii) Effects of inhibitors of AA metabolism on responses to

endothelial-dependent relaxants

The actions of INDO and ETYA were studied upon the 

effects of all substances found to produce endothelial-dependent 

relaxations.

Figure 20 illustrates that 15 mins exposure of an aortic 

strip to INDO did not affect the relaxant responses to ACh, VIP, 

HIST or PAP. However indomethacin considerably reduced the sensi

tivity of the strip to NA, thus it was necessary to increase the 

dose to obtain a contraction comparable to the control response. 

Subsequent exposure of the tissue to ETYA for 15 mins completely 

blocked relaxation to VIP and markedly reduced that to ACh, 

but the response to PAP was unaffected. Similar results were 

obtained in six other experiments in which the relaxant action 

of HIST was found to be similarly inhibited by ETYA but not 

by INDO. In another set of experiments the relaxant effects of 

ADP, ATP, A23187 and PAP were observed before and after 

incubating the tissue with INDO or ETYA. INDO did not affect
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Figure 20. The relaxant actions of vasoactive intestinal polypeptide 

(VIP), acetylcholine (ACh) and papaverine (PAP) on the 

rat aortic strip precontracted with noradrenaline (NA) 

are not affected by indomethacin (INDO). However 

incubation with eicosatetraynoic acid (ETYA) abolished 

the response to VIP, markedly reduced that to ACh but 

did not reduce the relaxation to papaverine (PAP).
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the relaxant effect of these substances (n=3) but ETYA (n=6) 

invariably inhibited these responses. The inhibitory activity 

of ETYA increased with time and was not reversible. The 

sensitivity to NA or PHE was reduced to a similar degree as 

that seen with indomethacin, and concentrations 2 to 4 fold higher 

were required to produce a contraction comparable to the control.

In parallel experiments in which the tissue was pre-incubated 

with alcohol, the vehicle for ETYA, no inhibition of the relaxant 

response to any of the substances was observed. The effective 

concentration of ETYA was probably actually lower than that 

quoted due to its poor solubility in aqueous solution.

Pre-incubation of aortic strips with ETYA did not inhibit 

the responses to the endothelial-independent relaxants, sodium 

nitroprusside, adenosine, hydralazine and magnesium sulphate 

(n=4).

When ETYA was added to a pre-contracted aortic strip which 

had been relaxed with ACh there was no reversal of the relaxant 

response during a twenty-minute period (Figure 21).

-4BW755C (1.5 - 3 X  10 M) when pre-incubated with the 

aortic strip for 15 minutes also had an inhibitory action on 

the relaxation to ACh and HIST (Figure 22) without affecting 

relaxations to PAP (n=4). It was not as potent as ETYA, 

higher concentrations being required to inhibit the relaxant
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Figure 22. The relaxant effects of acetylcholine (ACh) and histamine 

(HIST) on the rat aortic strip pre-contracted with 

noradrenaline (NA) are inhibited by pre-incubation with 

BW755C. The response to papaverine (PAP) is not diminished
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responses. Again, the sensitivity to the contractile agent was 

reduced and typically concentrations 4 to 8 times those used 

in the control situation were required to pre-contract the 

tissue. The maximum contraction obtainable was also reduced.
-4No reversal of the relaxation was observed when BW755C (3 x 10 M) 

was added to the bathing medium after the tissue had been pre

contracted and then relaxed with ACh (Figure 2 3).

—4Nordihydroguaiarietic acid (2.6 x 10 M) when pre-incubated 

with the aortic strip for 15 minutes inhibited the relaxation 

to ACh, without affecting that to papaverine. As with BW755C 

the maximum contraction and the sensitivity to the contractile 

agent was reduced. The inhibition of the response to ACh was 

irreversible and almost total. However, if the drug was left in 

contact with the tissue for an extended period an increase in 

tension could no longer be elicited with NA.

Other reported lipoxygenase inhibitors including benoxaprofe n , 

esculetin, guercetin and propylgallate were also tested for 

their effects upon the relaxant responses to ACh. These were 

inactive. For ease of comparison with substances which did 

inhibit the relaxant responses see Table 2.

— 5Mepacrine (2.1 x 10 M) was found to inhibit the relaxant

effect of ACh without affecting the relaxation to PAP (Figure
-624) (n=3). At a lower concentration (2.1 x 10 M) mepacrine

was without effect (n=3). The response to PHE was markedly
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Figure 24. Mepacrine inhibits the relaxant response to acetyl

choline (ACh) on the rat aortic strip. The response 

to papaverine (PAP) remains.
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reduced so tnat a concentration 54 fold larger was required to 

produce a comparable contraction to the control response.

-5 -4Dexamethasone at concentrations from 1.3 x 10 M to 2.6 x 10 M

pre-incubated for up to 3 hours with aortic strips did not affect

the relaxant responses to ACh (n=5).

-5FPL 55712 (7.7 X 10 M) pre-incubated with the rat aortic 

strip was also without affect on the relaxant response to ACh.

3.2 iv) The effects of Phospholipases A^ and C on the aortic strip.

Phospholipase (PLC) (2.6 units/ml) when applied to a pre

contracted aortic strip caused a relaxation. However subsequent 

application of PLC resulted in either a much-reduced relaxation 

or no relaxation at all (Figure 25). The relaxations induced 

by ACh and ATP were also reduced or abolished after application 

of PLC. However the tissue still relaxed to PAP (n=4). The 

relaxant effect was shown to be endothelial-dependent: on a rubbed 

aortic strip no relaxation could be elicited with PLC (Figure 

26) despite the fact that an unrubbed strip from the same aorta 

relaxed in response to PLC (n=2). However, phospholipase A^

(10.2 units/ml) did not induce relaxation of the rat aortic 

strip (Figure 27) . Neither did it affect the endothelial-derived 

relaxant effects of ACh and ATP (n=4).
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Figure 25. Phospholipase (PLC) relaxes the rat aortid strip pre

contracted with phenylephrine (PHE) (with the endothelium 

intact). However subsequent addition of PLC to the pre 

contracted strip produces a much reduced relaxant 

response. Furthermore, the relaxant response to 

acetylcholine (ACh) is inhibited and that to adenosine 

triphosphate (ATP) is abolished. The response to 

papaverine (PAP) remains.
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Figure 26. The relaxant response to phospholipase C (PLC) on

the rat aortic strip is endothelium-dependent. After 

removal of the endothelium (DE-END) the relaxant response 

to acetylcholine (ACh) is abolished, no response to 

PLC can be elicited but the relaxant response to 

papaverine (PAP) remains.
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Figure 27. Phospholipase (PLA^) does not stimulate relaxation

of pre-contracted rat aortic strips. Dose-response curves 

to acetylcholine (ACh) and adenosine triphosphate (ATP) 

were constructed on strips pre-contracted with phenyl

ephrine (PHE). Addition of PLA^ to the strip did not 

elicit relaxation. Furthermore the relaxant responses 

to ACh and ATP persisted after the addition of PLA^ to

the bathing fluid.
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3.2 v) The effects of Lysophosphatidylcholine-oleoyl (LPC) on 

the aortic strip
—6LPC (1.9 - 7.7 X 10 M) caused a dose-dependent relaxation 

of the rat aortic strip (Figure 28). This relaxation was found 

to be endothelium dependent as after rubbing of the intimai 

surface no subsequent relaxation could be induced by ACh or LPC 

although the response to PAP was maintained (n=3). The relaxation

to LPC was also inhibited by incubation of the strip with ETYA
-5 -5(3.4 X 10 M) (n=3) but not by incubation with INDO (2.8 x lO M)

(n=3). The relaxant effect of LPC did not show tachyphylaxis

and did not affect the response to subsequent application of

ACh as did PLC.

3.2 vi) The effect of platelet-activating factor (PAF) on the rat 

aortic strip

PAF (4 ng/ml) when applied to a pre-contracted rat aortic 

strip caused a relaxation which was not sustained. Desensitization 

to PAF occurred and further applications of a greater concentration 

did not produce a relaxation although the tissue still relaxed 

to ACh (Figure 29) (n=4).

3.3 THE EFFECT OF ANTIOXIDANTS ON THE RESPONSES TO ENDOTHELIAL 

DEPENDENT RELAXANTS
—  2Ascorbic acid at concentrations as high as 1.1 x 10 M did 

not affect the relaxation of the rat aortic strip to ACh (n=3).
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Figure 29. Platelet activating factor (PAF) relaxes a phenyl

ephrine (PHE) pre-contracted rat aortic strip. The 

relaxation is not sustained and desensitization to 

PAF occurs. The response to acetylcholine remains.
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However many other antioxidants did inhibit the relaxant response
-6to endothelial-dependent relaxants.Hydroquinone (9 x 10 M) either

abolished or markedly inhibited the relaxant response to HIST
-3and ACh (Figure 30) (n=6). Similarly L-Cysteine (6.25 x 10 M)

inhibited the relaxations to ACh and HIST on the rat aortic
-5strip (Figure 31) (n=5). a-Tocopherol acetate (2.32 x 10 M -

-41.85 X 10 M) inhibited the relaxant responses to ACh and ATP 

(Figure 32) (n=3) as did a-tocopherol mixed isomers at the 

same concentrations. Other antioxidants found to have inhibitory 

effects on the endothelial-dependent relaxant responses were 

homocysteine, (n=4), D-cysteine (n=3), retinol (n=6) and 

potassium borohydride (n=2); see Table 3 for further information.

-5 -5Methylene blue (1 x lO M - 2 x 10 M) (n=7) inhibited

the endothelial-dependent relaxant responses to ACh and ATP (Figure

33). It is interesting to note that with many of the substances

which had inhibitory activity that ACh-induced relaxations appeared

to be more resistant to inhibition than those induced by other

substances such as ATP and HIST.

The effects of most of the compounds which inhibited the 

endothelial-dependent relaxants increased with time. The full 

effect of a-tocopherol and cysteine were only seen after 90 

minutes incubation with the tissue. The inhibitory effects 

of all these compounds were not reversible within one hour of 

washing out the compound. It is not known if the endothelial- 

dependent relaxant action may be recovered after a longer wash-out 

period.
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Figure 30. Hydroquinone inhibits the relaxant responses to

acetylcholine (ACh) and histamine (HIST) on the rat 

aortic strip pre-contracted with phenylephrine (PHE) 

The response to papaverine (PAP) is unaffected.



Q)
C

■H
e 0)
(d X
4-)
W

-H

w
b X
C 0^
rtJ

eu
rC G
U ■H

5 34
X
A

Q) Q)
C rH

■H >1
rH G
0 Q)

x : X
u A

r—1
> , X
4-1 X
0) •H
U 3
(13

T ) U3
0 0) G

4J X •H
U (t3

CD G E
tl) 34 03
C X 34
0 G
A 0
o U Pk
m 1 <C
M 03 0^

34
4-> D h
c 03
(t3 a G
X -H •H
(ü 34 34

1—1 X 03
(U CO >
3-1 (Ü

U Ao •H (0
Æ X A
4-) 34

0 0
ü) n3 X
4->
•H X 03
Xi n3 U3
•H 34 G
x : 0
a 0) A

•H X M
X 03

03 34
c G

•H 0 X
Q) G
4J G
œ H X

& MH (t3
r4

1 Œ 03
.J 34

0)M0en
■H



81

<=>

i
gUJ
s-Ij

■f

cF•o
X
cr>o

'o'x
op

a.



02

10 MINS

lOg-l
PHE

A
•85 218*10

ACh
r®M 18 16*10 '^M

ATP
3*10‘Vl
PAP

oc-TOCOPHEROL ACETATE t  6 t * 1 0 "V l

A
PHE A

137 218*10'^M
ACh

73 A6k10‘̂ M
ATP

Figure 32. a-Tocopherol acetate inhibits the relaxant responses

to acetylcholine (ACh) and adenosine triphosphate (ATP) 

on a rat aortic strip precontracted with phenylephrine 

(PHE). The relaxant response to papaverine (PAP) 

persists.
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Figure 33. Cyclic guanosine monophosphate (cGMP) and dibutyryl 

cGMP do not induce relaxation of a rat aortic strip 

pre-contracted with phenylephrine (PHE). Incubation of 

the tissue with methylene blue inhibited the relaxant 

responses to acetylcholine (ACh) and adenosine tri

phosphate (ATP). The relaxant response to papaverine 

(PAP) persisted.



Ü 5 .

3.4 THE EFFECTS OF FREE RADICAL SCAVENGERS ON THE RESPONSES TO 

ENDOTHELIAL-DEPENDENT RELAXANTS

Superoxide Dismutase (SOD) (lOO units/ml) and catalase

(lOOO - 4000 units/ml) either alone or in combination had no

effect on the endothelial-derived relaxant response to ACh
-3(n=3). Reduced glutathione (2 x 10 M) was also without 

effect on the relaxation to ACh (n=3).

3.5 THE EFFECT OF CYCLIC NUCLEOTIDES APPLIED TO THE AORTIC STRIP
■“6Neither cyclic 3 '-S' guanosine monophosphate (cGMP) (4.36 x 10 M

-5 -6 -56.97 X 10 M) nor dibutyryl cGMP (3.15 x 10 M - 5.04 x 10 M)

induced relaxation of the pre-contracted rat aortic strip (n=5).
-5 -5Methylene blue (1 x 10 M - 2 x lO M) a reported guanylate 

cyclase inhibitor tested on a strip which failed to relax to 

cGMP or dibutyryl cGMP inhibited the relaxant responses to ACh 

and HIST (n=3) (Figure 33).

-5Cyclic 3'-5'-adenosine-monophosphate (cAMP) (5.7 x 10 M -

6.5 X  10 M) and dibutyryl cGMP(4 x 10 M - 1.6 x 10 M) were 

also without effect on the pre-contracted rat aortic strip(n=4).

3.6 COMPARISON OF RESPONSES TO NORADRENALINE AND ACETYLCHOLINE ON 

AORTIC STRIPS FROM DIABETIC AND NON-DIABETIC RATS 

The contractile responses to NA were compared on aortic 

strips from streptozotocirrinduced diabetic rats (with > 2% urinary
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ketones) and strips from a control group of rats (Figure 34). NA

produced significantly greater contractions on the aortic strips
-9from diabetic rats above a concentration of 5.6 x 10 M (p < 0.05)

-7(n=6). The mean maximal tension produced by NA (3.6 x 10 M on 

strips from diabetic rats was 0.79 ± 0.07 grams (mean ± S.E.M.) 

compared to 0.55 ± 0.02 grams on strips from control rats.

The relaxant effects of ACh on aortic strips from diabetic 

rats appeared to be weaker than on strips from a control group
—6of rats. The mean maximum relaxation produced by ACh (4.4 x 10 M) 

on aortic strips was 68 ±11.2% compared to 8 0 ± 8 . 5 %  on 

strips from control rats (n=6). However these values were not 

significantly different. The response to ACh did not differ 

significantly between the 2 groups at any concentration tested.

3.7 THE MESENTERIC VASCULAR BED

The basal perfusion pressure in the mesenteric vascular 

bed (perfused with Krebs' solution at a flow rate of 3 ml/min) 

varied from 20 - 60 mm Hg (n=12). The sensitivities of the 

preparations to PHE were much lower than the aortic strips and 

much higher concentrations were required to increase the per

fusion pressure in the tissue. In the mesenteric preparation 

responses to PHE occurred over a narrow dose-range making 

construction of a log dose-response curve difficult. In 

preparations from different rats the PHE concentration required 

to produce an increase in pressure of 30 - 90 mm Hg ranged from
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Figure 34. Ccxnparison of the sensitivities of aortic strips from 

control and diabetic rats to stimulant and relaxant 

drugs. Log dose-response curves for the contractile 

effects of noradrenaline and the relaxant effects of 

acetylcholine on aortic strips from diabetic (circles) 

and control (squares) rats are shown. Points and vertical 

bars represent mean ± SEN (n=6). Asterisk indicates 

significant difference from the control (p < 0.05).
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-5 -50.6 X  10 M - 6 X  lO M (n=12). In comparison on the rat aortic 

strip a mean PHE concentration of 6 x 10 ^ M produced a 

contraction bot of maximum.

Bolus doses of ACh were found to have dose-dependent depressor 

effects in the vascular bed. The dose range typically ranged from 

1 ng to 32 ng (Figure 35).

Bolus doses of ATP (10 yg), HIST (10 yg) and PAP (10 yg) also 

reduced the perfusion pressure in the tissue. The response to 

PAP in this preparation appeared to be more dose-dependent than 

on the aortic strip preparation.

—  0Perfusion with indomethacin (2.8 x 10 M) for 15 minutes 

inhibited the depressor effect of ACh, shifting the dose-response 

curve to the right (Figure 35). To produce a maximal depressor 

effect of ACh comparable to the control response, a dose twice 

that of the maximum control dose was required after perfusion

with indomethacin (n=4). However after perfusion with ETYA
-6 -5(3.4 X 10 M - 3.4 X 10 M) it was no longer possible to raise

the perfusion pressure with PHE (n=4). Furthermore BW755C 
— 5(3.8 X  10 M) was without effect on the depressor response to 

ACh (n=2). Above this concentration it was no longer possible to 

raise the perfusion pressure with PHE.

Attempts to remove the endothelium from the mesenteric 

vascular preparation included the following procedures:
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Figure 35. Vasodepressor responses of bolus doses of acetylcholine 

(ACh) and papaverine (PAP) in the rat mesenteric 

vascular bed pre-constricted with phenylephrine (PHE). 

Incubation with indomethacin (INDO) for 15 mins slightly 

reduces the vasodepressor responses to ACh.
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i) perfusing the preparation with distilled water for 

2 minutes;

ii) injecting bolus doses of collagenase and 

iii) pumping air through the tissue.

After perfusing the tissue with water it was no longer possible 

to raise the perfusion pressure with PHE (n=2). Collagenase at 

a bolus dose of 0.1 ml of 1 mg/ml solution did not affect the 

relaxant response to ACh. At a dose of 0.3 ml of 1 rag/ml 

solution the pressor effect of PHE was increased but no longer 

sustained and declined after reaching a maximum pressure (n=2). 

Hence it was impossible to assess whether the depressor effect of 

ACh was affected.

Pumping air through the preparation for four minutes reduced 

the depressor response to ACh and ATP but dia not completely 

abolish these effects (Figure 36). The pressor response to PHE 

was increased after pumping air through the tissue. The depressor 

response to HIST was not inhibited on this preparation although 

it was much slower in onset. In two other experiments pumping 

air through the tissue for 5 mins. markedly reduced the depressor 

responses to ACh and ATP also.

3.7 i) Cascade of mesenteric perfusate over the de-endothelialized 

rat aortic strip

In these cascade experiments (n=4) no evidence v/as found 

for the release of a relaxing factor into the perfusate from
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the mesenteric vascular bed as evidenced by changes in tone of 

the aortic strip.
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Figure 36. Vasodilator effects of endothelial-dependent relaxants 

in the rat mesenteric bed. Responses to bolus doses of 

acetylcholine (ACh), adenosine triphosphate (ATP), 

histamine (HIST) and papaverine (PAP) were obtained in 

the rat mesenteric vascular bed pre-constricted with 

phenylephrine (PHE). Air was pumped through the tissue 

in an attempt to remove the endothelium. This procedure 

reduced the dilator responses to ACh and ATP.
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When using circular muscle strips of rat thoracic aorta it 

was found that it was necessary to pre-contract the tissue in order 

to elicit relaxant responses. There was no observable relaxation 

when tension in the tissue was induced mechanically. NA was 

chosen as the standard contractile agent on the grounds that it 

is an important physiological vasoconstrictor. Other agents such 

as 5-hydroxytryptamine, PGE^, PGF^^ and U46619 will induce con

traction and indeed on other studies on different preparations 

are used as standard contractile agents (Cocks and Angus, 1983; 

Busse, Forstermann, Matsuda and Pohl, 1984). An endothelial 

dependent relaxation can still be induced with these agents 

indicating that the relaxation is not linked to prior a-adrenoceptor 

stimulation.

The sensitivity of the rat aortic strip to NA was comparable 

to that reported by Van de Voorde and Leusen (1983) and Rapoport 

and Murad (1983). However sometimes the response to NA was un

sustained. This may be because NA is readily oxidized (Martindale, 

1977; Maxwell, Herlihy and Riedel, 1983). On this basis phenyl

ephrine (PHE) was adopted as an alternative agonist and was found 

to produce sustained contractions on the strip. This is probably 

because PHE is relatively resistant to oxidation (Martindale, 1977) 

but alternatively this difference may be due to stimulation of 

different receptor populations. PHE stimulates predominantly 

adrenoceptors whereas NA is equipotent at and adrenoceptors 

(Macia and Matthews, 1983), It has recently been shown that 

clonidine, an adrenoreceptor agonist exerts only a slight
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contractile effect on intact rat aortic rings but when the endothelium 

is removed contractions comparable to those obtained with NA are 

elicited (Egleme, Godfraind and Miller, 1984). These results 

suggest that adrenoceptor agonists may stimulate production of 

EDRF. Further support for this hypothesis comes from studies on 

pig and dog isolated coronary arteries (Cocks and Angus, 1983).

Thus the unsustained effect of NA could be due to similar receptor 

stimulation on the endothelium. The effects of selective receptor

antagonists e.g. yohimbine were not tested. One might expect that 

if the postulated mechanism operated, preparations with unsustained 

contractions to NA if incubated with yohimbine should produce 

sustained contractions when stimulated with NA.

In this study where log dose-response curves to NA were con

structed before and after de-endothelialization significantly 

greater contractions could be elicited at lower concentrations in 

the absence of the endothelium and this would be consistent with 

the removal of an inhibitory tone due to basal EDRF release.

However removal of the endothelium, in preparations where NA 

stimulated an unsustained contraction, did not result in a sustained 

contraction although the tension was maintained for a longer period 

before declining. This suggests that the decline in the response 

is due primarily to oxidation of the NA and not to stimulation of 

adrenoceptors on the endothelium releasing EDRF; although the 

latter may have a minor effect. The increase in sensitivity to 

NA at low concentrations after de-endothelialization may simply 

reflect the loss of basal EDRF release. At the upper end of the 

dose-response curve to NA the contractions elicited were significantly
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smaller after de-endothelialization. This may be due to unintentional 

damage to the vessel wall during the rubbing procedure, carried out 

in the organ bath, in order to remove the endothelium. It is easier 

to remove the endothelium prior to suspending the aortic str^p in 

the organ bath and an alternative experimental protocol would be 

to have paired rings from the same aorta, in which the control strip 

would be de-endothelialized before mounting. This procedure is 

adopted by some other workers (De Mey and Vanhoutte, 1981; Van de 

Voorde and Leusen, 1983). A less traumatic method of removing 

the endothelium is the use of collagenase (Furchgott and Zawadzki, 

1980). However the disadvantage with this enzyme is that in order 

to confine its action to removal of the endothelium the conditions 

of the incubation are very critical.

If however,as has been suggested, the decrease in maximal 

response to NA is a result of damage to the smooth muscle layer 

of the vessel wall it might be reasonable to suggest that a reduced 

response might be observed throughout the range of the dose 

response curve. An alternative explanation is that the endothelium 

or the basal membrane in some way contributes to the force trans

duction in the vessel. It has been suggested that the extracellular 

collagen matrix plays a fundamental role in force transduction 

in intestinal muscle in which it acts as an intramuscular 'tendon' 

(Gabella, 1976). The basila membrane in particular is rich in 

collagen and it may be that it does play a minor role in force 

transduction in the rat aorta.



96,

The relaxant effect of ACh was only observed on aortic strips 

pre-contracted with a drug despite the fact that the strips were 

placed under a Ig resting tension. The response was dose-dependent 

and reproducible. Atropine selectively antagonized the relaxant 

response to ACh indicating involvement of muscarinic receptors,

A finding which is in agreement with that of Furchgott and Zawadzki 

(1980) on rabbit aorta. Removal of the endothelium by rubbing, 

abolished the response to ACh and this effect could not be overcome 

by increasing the concentration above maximal control doses.

On the intact rat aortic strip ACh did not stimulate contraction 

even at high doses. On the rabbit aorta ACh stimulates a contractile 

effect at high doses which is independent of the endothelium and 

on endothelial-dependent relaxation at low doses, which are both 

mediated via muscarinic receptors (Furchgott and Zawadzki, 1980).

The observed increase in tension with ACh on the de-endothelialized 

rat aortic strip pre-contracted with NA, may be due to stimulation 

of muscarinic receptors on vascular smooth muscle cells. As the 

concentration required to elicit this response is considerably 

higher than that required to observe endothelial-dependent 

relaxant responses the smooth muscle muscarinic receptors would 

appear to have a lower affinity for ACh than those on the endothelium. 

An alternative explanation for the increase in tension with ACh on 

the de-endothelialized preparation is the stimulated release of 

NA from adrenergic nerve terminals via nicotinic receptors as has 

been described in the rabbit ear artery (Steinsland and Furchgott, 

1975) .



97

After removal of the endothelium pre-contracted rat aortic 

strips still relaxed to papaverine. The mode of action of papaverine 

is uncertain but it is thought to mediate its effects through 

inhibition of cAMP phosphodiesterase thus elevating intracellular 

cAMP levels (Kukovetz and Poch, 1970; Demesy-Waeldele and Stockist, 

1977). As it does not act via the endothelium it was used as a 

positive control in these experiments to demonstrate that the 

smooth muscle is still capable of relaxation after the procedure 

of de-endothelialization.

When the studies on the relaxant responses to ACh were started 

it was immediately apparent that the observed decreases in tension 

depended on the level of pre-contraction of the rat aortic strip.

On strips that were supramaximally contracted little or no effect 

to ACh was observed. Log dose-response curves were constructed 

on strips pre-contracted to 40% and 80% maximal NA contraction.

A paired t-test showed that the percentage relaxant response 

to ACh was significantly greater on the 40% maximal NA contraction 

than on the 80%, and that this difference was significant at 

every concentration tested (P < 0.05). These results are in 

agreement with those of Furchgott (1983) on rabbit aorta. The 

importance of a standard level of pre-contraction was emphasized 

by these results. 80% maximal NA contraction was chosen as a 

standard for three reasons:

1. Any contractile activity of a test substance could be noted.

2. The NA contraction was better sustained at this level of
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pre-contraction than with lower concentrations.

3. Greater tension increments facilitated measurement of relaxant

responses.

The degree of relaxation to ACh was similar on aortic strips 

pre-contracted with a variety of agents such as NA, 5HT and PGF^^, 

providing that the level of pre-contraction was comparable. However 

when 25 mM potassium was used to pre-contract the strip the relaxant 

responses to ACh were much smaller. Similar results have been 

reported on the rabbit aorta (Furchogott and Zawadzki, 1980).

A variety of vasodilators were studied to determine their 

effects on the pre-contracted rat aortic strip. VIP is a potent 

vasodilator (Bodanszky, Klausner and Said, 1973; Williams, 1982; 

Altiere and Diamond,1983) and for this reason was tested on this 

preparation. On the rat aorta VIP caused dose-dependent relaxations. 

In comparison with ACh, VIP was more potent but its maximal 

relaxant effect was less than that of ACh. The time-course for the 

relaxant response to VIP was also greater than that of ACh. The 

response to VIP was abolished by removal of the endothelium and 

thus like ACh can be classed as an endothelial-dependent relaxant. 

Indomethacin did not inhibit the relaxations induced by VIP on 

the intact rat aortic strips and thus arachidonate cyclooxygenase 

products are unlikely to be involved in these responses. This work 

is supported by Suzuki, Kobayashi and Lederis (1983) who have 

similarly demonstrated a relaxant effect of VIP on isolated rat 

aorta which is not inhibited by indomethacin.
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Other substances investigated for relaxant effects on the rat 

aortic strip included the adenine nucleotides ATP, ADP and AMP.

ATP and ADP stimulated dose-dependent relaxations of the pre

contracted strip but AMP was without effect. After removal of 

the endothelium the relaxant effects of ATP and ADP were abolished. 

An endothelial-dependent relaxant action of these substances is 

consistent with findings on the dog femoral artery (De Mey and 

Vanhoutte, 1981) although on the latter preparation removal of the 

endothelium did not completely abolish the relaxant responses.

The residual endothelium-independent relaxation is thought to be 

caused by breakdown of ATP and ADP to AMP which exerts a direct 

relaxant effect on the smooth muscle.

The calcium ionophore A23187 and histamine were also found to 

exert dose-dependent relaxant effects on the pre-contracted rat 

aortic strip. A23187 was found to be more potent and to stimulate 

greater maximal relaxations than ACh which is consistent with 

results on rabbit aorta (Furchgott, 1981) and rat aorta (Rapoport 

and Murad, 1983). On the pre-contracted rat aortic strip the 

relaxant action of histamine was found to be selectively 

antagonized by the receptor antagonist mepyramine but not by 

the receptor antagonist cimetidine, implicating receptors 

in its mode of action. This is in agreement with other results 

using rat aortae (Van de Voorde and Leusen, 1983) and isolated 

guinea-pig pulmonary artery (Satoh and Inui, 1984). After removal 

of the endothelium the relaxant effects of A23187 and histamine, 

like those of ACh, were abolished. The endothelium-dependent
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relaxant effect of A23187 and histamine is consistent with other 

results from rat aorta (Rapoport and Murad, 1983).

Bradykinin has been reported to cause vasodilation in many 

arteries from different species. For this reason it was tested 

for relaxant activity on the pre-contracted rat aortic strip. No 

relaxant response was observed but at high concentrations it some

times caused an increase in tension. Bradykinin is thought to act 

partially by activation of phospholipase A^ (Heinz and Wolfgang,

1983) and it may be that the increase in tension observed with 

bradykinin on the pre-contracted aortic strip is mediated by an 

arachidonate metabolite. To test this hypothesis further experi

ments could be carried out in which the aortic strip is pre-incubated 

with inhibitors of arachidonate metabolism such as the cyclo

oxygenase inhibitor indomethacin,(Vane, 1971) and the dual 

cyclooxygenase/lipoxygenase inhibitor ETYA (Higgs, Flower and 

Vane, 19/8). On arterial preparations from the dog bradykinin 

has been shown to exert an endothelial-dependent relaxant effect 

(Cherry, Furchgott and Zawadzki, 1981; Cherry, Furchgott,

Zawadzki and Jothianandan, 1982). The same workers demonstrated 

that on rings of superior mesenteric and coeliac arteries 

from rabbit and cat, bradykinin exerted an endothelium- 

independent relaxant effect. This relaxation was inhibited by 

indomethacin and thus appears to be mediated by prostaglandins.

Thrombin and substance P were also tested for their effects 

on the pre-contracted rat aortic strip. Neither of these substances
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were found to have any relaxant activity on this tissue. Thrombin 

has been shown to cause an endothelium-dependent relaxation of 

dog arteries (De Mey et al., 1982; De Mey and Vanhoutte, 1982) 

and substance P to cause an endothelial-dependent relaxation of 

isolated arteries from rabbits, dogs and cats (Zawadzki, Furchott 

and Cherry, 1981; Furchgott, Cherry and Zawadzki, 1983).

Sodium nitroprusside, adenosine, hydralazine, papaverine, 

theophylline and MgSO^ all relaxed the rat aortic strip. After 

removal of the endothelium the relaxant responses to these substances 

persisted. The loss of relaxant response to ACh was used as an 

indication that the endothelium had been effectively removed. With 

the exception of sodium nitroprusside the concentrations required 

to elicit relaxation were generally higher than those required 

for endothelial-dependent relaxants. The relaxations induced by 

endothelium-independent relaxations generally occurred over a 

longer time course. Although de-endothelialization did not abolish 

the relaxant effects of hydralazine and adenosine, after the 

removal of the endothelium, typically two-fold higher concentrations 

were required to elicit relaxations. Other workers have shown 

that the endothelium contributes to the relaxant effects of 

hydralazine (Folco, Rossoni, McGiff and Spokas, 1982).

Neither endothelial-dependent nor endothelial-independent 

relaxations were inhibited by the cyclooxygenase inhibitor indo

methacin at a concentration which completely inhibited the 

contractile effect of arachidonic acid (AA) on the rat aortic
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strip. However the acetylenic analogue of AA, ETYA, a dual 

cyclooxygenase/lipoxygenase inhibitor (Flower, 1974) 

inhibited the endothelial-dependent but not the endothelial- 

independent relaxations. This suggests that a lipoxygenase 

metabolite of AA or other unsaturated fatty acid may be implicated 

in the mode of action of the endothelial-dependent relaxants.

Similar results using ETYA were obtained by other workers (Furchgott 

and Zawadzki, 1980; Rapoport and Murad, 1983; Van de Voorde and 

Leusen, 1983). Higher concentrations of NA or phenylephrine 

were required, after pre-incubation with these inhibitors of 

AA metabolism, in order to produce a level of pre-contraction 

comparable to that of the control. Similarly, depression of 

vasoconstrictor responses to NA by indomethacin have been reported 

in perfused rat mesenteric blood vessels (Coupar and Mclennan, 1978). 

These workers reported that the NA response could be restored to 

its control value by addition of various prostaglandins to the 

perfusate.

In contrast to results on the rabbit aorta (Furchgott and 

Zawadzki, 1980), ETYA did not induce a reversal of the ACh-induced 

relaxation of pre-contracted aortic strips when added during the 

ACh induced relaxation; a similar finding was reported by Rapoport 

and Murad (1983) on rat aorta. These differences could reflect 

species differences in the sensitivity or accessibility of the 

postulated lipoxygenase enzyme to inhibition by ETYA.
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Another dual cyclooxygenase/lipoxygenase inhibitor BW755C 

(Higgs et al., 1978) was tested for its effects on the endothelial- 

dependent relaxant actions of ACh, histamine and VIP. When the 

method of Furchgott and Zawadzki (1980) was followed and the 

inhibitor was added during the ACh induced relaxation, no reversal 

of the relaxant response was observed on the rat aortic strip, 

which is consistent with the findings of these workers on the 

rabbit aorta. However, if the drug was allowed to equilibriate 

with the tissue prior to pre-contraction, inhibition of the relaxant 

responses to ACh, histamine and VIP were observed. The response 

to the endothelial-independent relaxant papaverine was not 

affected. These results are consistent with the theory of the 

involvement of a lipoxygenase metabolite of AA on the endothelial- 

dependent relaxations. Nordihydroguaiaretic acid, another lipo

xygenase inhibitor (Morris, Piper, Taylor and Tippins, 1979) 

also inhibited the endothelial-dependent relaxation of ACh without 

affecting the response to papaverine. This is consistent with 

findings of other workers (Furchgott, Zawadzki, Jothianandan and 

Cherry, 1982; Singer and Peach, 1983). However other recently 

reported inhibitors of AA lipoxygenase activity were tested on 

the pre-contracted rat aortic strip to observe their effects on 

the endothelial-dependent relaxant action of ACh and were found 

to be without effect. These included esculetin (Neichi, Yasuko 

and Murota, 1983) and propylgallate and quercetin (Van Wauwe 

and Goossens, 1983).

To investigate further the involvement of a lipoxygenase
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metabolite of AA in endothelial-dependent relaxations, the actions 

of AA on the rat aortic strip were studied. AA was found to cause

both contraction and relaxation depending upon the dose used.
—6At concentrations above 3 x 10 M, AA invariably contracted the 

tissue. Although this response was dose-dependent the dose response 

curve was very steep. At concentrations one order of magnitude 

lower, AA relaxed a pre-contracted rat aortic strip. This is in 

agreement with results from other groups on other arterial 

preparations (Demey, Claeys and Vanhoutte, 1982; Furchgott, 1983; 

Singer and Peach, 1983a; Ignarro, Harbison, Burke, Wolin and Kadowitz,

1984). This relaxation was not inhibited by indomethacin but was 

inhibited by ETYA and was found to be dependent on the endothelium.

The contractive effect of AA however was inhibited by indomethacin 

and may therefore be due to conversion of AA to a prostaglandin, 

thromboxane or endoperoxide by the cyclooxygenase enzyme. Authentic 

PGEg, PGF^^ and PGDg were all shown to produce sustained contractions 

of the aortic strip. However, the concentrations needed were only 

slightly lower than those of AA. Thus the level of conversion of 

added AA to any one of these metabolites would have to be of the 

order of 25 - 50%. This is extremely unlikely when one considers 

the small size of the aortic strip in these experiments. Furthermore 

the contractile effect of AA was unsustained. The epoxy-methano 

analogue of the endoperoxide PGHg, U46619 (Coleman, Humphrey,

Kennedy, Levy and Lumley, 1981) contracted the aortic strip at 

much lower concentrations. The conversion of added AA to the endo

peroxide would have to be of the order of 1% in order to elicit 

contraction by this mechanism. This is clearly more probable than
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the 25 - 50% conversion required for metabolism to one of the 

prostaglandins. U46619 is reported to act as a TXA^ mimetic 

(Coleman et al., 1981). However the TXA^ synthetase inhibitor N- 

butyl-imidazole (Blackwell, Flower, Russell-Smith, Salmon, Thorogood 

and Vane, 1978) at a concentration sufficient to completely inhibit 

the production of TXA^ from platelets did not inhibit the AA-induced 

contraction. It may be that the TXA^ synthetase in rat aorta is 

more resistant to inhibition than platelet TXA^ synthetase but it 

is more likely that the AA-induced contraction is induced by an 

endoperoxide per se. If this is the case this uould account 

for the unsustained nature of the contraction. The endoperoxide 

which has a half-life of about 5 minutes in aqueous solution (Hamberg, 

Svensson, Wakabayashi and Samuelsson, 1974) may then be converted 

to other prostanoids which are not in sufficient concentrations to 

sustain a contraction.

ETYA inhibited both the contractile and relaxant effects 

of AA. One possible conclusion to be drawn from these results is 

that AA is acted on by a lipoxygenase enzyme in the endothelium and 

that a product of this pathway is responsible for the relaxation.

Removal of the endothelium in many cases resulted in a more 

sustained contraction to high doses of AA. In this situation the 

relaxant substance(s) produced by the endothelium are no longer 

produced to compete with the contractile substances. In such a 

case there should theoretically be more precursor available for 

conversion to cyclo-oxygenase metabolites which may then be present 

in sufficient quantities to produce a sustained contraction.
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None of the eicosanoids tested - PGE^/ PGF^^, PGD^, PGI^ or 

U46619 relaxed the rat aortic strip at any concentration tested, 

which is consistent with the lack of inhibition of the relaxation 

to AA by indomethacin in these preparations.

Cytochrome P-450, a heme protein which is the terminal oxidase 

of a microsomal electron transport chain, has been implicated in 

the endothelial-dependent relaxation responses (Izzo, Singer and 

Saye, 1982) as metyrapone and other P-450 inhibitors inhibited 

the endothelial-dependent relaxations of AA, metacholine and 

A23187. Furthermore these workers also showed that ETYA and NDGA, 

at concentrations that abolished the endothelium-dependent 

relaxation of metacholine, inhibited microsomal P-450, suggesting 

that metacholine and AA-induced relaxations may be mediated via 

a P-450 metabolite. The function of P-450 in liver microsomes 

is believed to be hydroxylation of fatty acids, steroids, drugs 

and carcinogenic chemicals. Studies with various inhibitors 

indicate a role for membrane bound P-450 in transformation of 

AA to a mixture of hydroxy acid derivatives (Capdexila, Chacos, 

Werringer, Prough and Estabrook, 1981) with no evidence for 

formation of PG-like compounds. Cytochrome P-450 has also 

been reported to catalyze microsomal lipid peroxidation (O'Brien 

and Rahimatula, 1975) and was likened to plant lipoxygenases in 

its activity.

To investigate further the involvement of lipoxygenase activity 

in the relaxant responses on the intact rat aortic strip, other 

unsaturated fatty acids, reported as being substrates for a 12
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lipoxygenase (Morris, Piper, Taylor and Tippins, 1980) were tested 

for activity on this tissue. Eicosapentaenoic acid (EPA) relaxed 

a pre-contracted strip. The concentrations required were higher 

than those of AA which induced relaxation. In two experiments 

the relaxation induced by EPA was inhibited by indomethacin but 

in one experiment indomethacin was without effect, however the 

relaxant effect was inhibited by ETYA. These results are incon

sistent and more work needs to be done to clarify the effects 

of EPA. However the effect was shown to be dependent on the 

endothelium. There are two possible explanations for the results 

of the experiments with the cyclooxygenase and lipoxygenase 

inhibitors :

1. that a PG of the series produced by the endothelium is 

responsible for the relaxation and that in the one 

experiment the indomethacin concentration was unsufficient 

to inhibit the production of the PG or

2. that a lipoxygenase product of EPA produced by the 

endothelium is the relaxant factor and that the indomethacin 

in two experiments was sufficiently high to also block

the lipoxygenase enzyme although at the same concentration 

it did not affect other relaxant responses.

Docosahexaenoic acid also induced relaxation of the aortic strip 

which was inhibited by indomethacin suggesting that a cyclo

oxygenase metabolite of this substance may be a relaxant. The 

relaxant effect of docosahexaenoic acid was also dependent on 

the endothelium. a-Linolenic acid and homogammalinolenic acid 

both stimulated relaxation of the rat aortic strip. These
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relaxant effects were also endothelial-dependent. However it is not 

known if the relaxant effects of these two substances are affected 

by inhibitors of AA metabolism.

Studies on dog coronary arteries, dog superior mesenteric 

arteries and rabbit aorta have also shown endothelial-dependent 

relaxations by unsaturated fatty acids (Cherry, Furchgott and 

Zawadzki, 1983). However the relaxation induced by docosahexaenoic 

acid in the studies of these workers was not inhibited by indo

methacin. This may be a reflection of the higher concentrations 

used compared to those on the rat aortic strip. Cherry et al.

(1983) conclude that unsaturated fatty acids may release EDRF 

from the membrane by altering 'membrane fluidity' and that such 

a physical state transition may enhance coupling of membrane 

components involved in the production of the vasodilator substance.

Lysophospholipids are the monoacyl compounds remaining after 

one fatty acid has been cleaved from the phospholipid. Considering 

the implication of an AA metabolite in the endothelium-dependent 

relaxations it was considered pertinent to investigate the 

effect of the lysophospholipids which would remain after cleavage 

of AA from phospholipids by phospholipases. Lysophosphatidyl- 

choline-oleoyl (LPC) was found to cause a dose-dependent 

relaxation of the rat aortic strip. This relaxation was not 

inhibited by indomethacin but was inhibited by ETYA, suggesting 

that the relaxant effect is not due solely to the strong 

detergent-like properties of lysophospholipids (Gurr and James,
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1980). After removal of the endothelium no relaxation could be 

elicited with LPC. It has been reported that lysophospholipids 

freshly added to preformed vesicles of diacylphosphatidylcholine 

facilitate incorporation of phospholipase A^ and the hydrolysis 

of the substrate. This effect appears to be due to organizational 

defects created by assymmetrical incorporation of lysophospholipid 

molecules into the outer monolayer of the vesicles (Kumar Jain 

and De Haas, 1983). It is appreciated that the situation in an 

intact tissue such as the rat aortic strip may differ widely 

from that in vesicles, however if such an activation of phospho

lipase A^ occurs this would be supportive to the theory that EDRF 

may be a lipoxygenase metabolite of arachidonic acid.

A polar lipid with potent blood pressure lowering activity 

has been obtained from the kidney. It has been named antihyper

tensive polar renomedullary lipid (APRL) (Muirhead, 1980) and shown 

to be an alkyl ether analogue of phosphatidylcholine;the same 

phospholipid has also been identified as platelet activating 

factor (PAF) which is a potential mediator of immediate hyper

sensitivity and is released from basophils sensitized with 

IgE (Benveniste, Henson and Cochrane, 1972; Demopoulos, Pinckard 

and Hanahan, 1979). These workers demonstrated that a glyceryl 

ether-containing phosphoglyceride, l-O-alkyl-2-acetyl-sn-glyceryl- 

3-phosphorylcholine (AcGEPC) has a biological activity indistinguishable 

from that of naturally generated PAF. Because of its reported 

antihypertensive properties, the action of PAF on the rat aortic 

strip was studied. It was found that at sufficiently high
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concentrations PAF produced a single non-sustained relaxation.

This effect was not dose-related. Although the relaxant response 

to ACh was unaffected, desensitization to PAF occurred so that 

it no longer stimulated relaxation even when the concentration 

was considerably increased. The ability of PAF to induce 

tachyphylaxis has also been shown on guinea-pig parenchyma lung 

strips on which it induces a contraction (Lefort, Rotilio and 

Vargaftig,1984). The relaxant effect of PAF on rat aortic strips 

is in agreement with studies on mt aortic rings (Cervioni, Herzlinger, 

Lai and Tanikella, 1983). Furthermore these workers demonstrated 

that this action was dependent on the endothelium.

As a lipoxygenase metabolite has been implicated with the 

mechanism of action of EDRF, exogenous phospholipases were 

applied to a pre-contracted strip to observe their effects. AA 

does not exist as a free acid in cells and the activation of PLA^ 

is thought to be the rate limiting step in AA metabolism .

Recently phospholipase C(PLC) has also been implicated in the 

release of AA from phospholipids (Bell, Kennerly, Stanford and 

Majerus, 1979; Rittenhouse-Simmons, 1979; Lapetina, 1982).

The addition of PLA^ to the pre-contracted rat aortic strip 

did not induce any relaxation. However PLC did produce relaxation. 

After the primary response to PLC,subsequent addition either 

failed to elicit any relaxation or produced a much-reduced 

response. The response to ACh was similarly reduced or abolished, 

following the primary PLC-induced relaxation. Relaxation could 

still however be induced by papaverine. The PLC-induced relaxation
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was shown to be dependent on the endothelium as no relaxation 

could be elicited on a de-endothelialized aortic strip. There are 

two possible explanations for the action of PLC on the aortic 

strip:

1. PLC or a substance produced as a result of its action 

has a detergent-like effect and effectively removes the 

endothelial cells

2. The relaxation induced by PLC results in depletion of 

the pool of precursor for EDRF.

The short time of exposure of the aortic strip to PLC makes the 

first possibility unlikely, but histological examination of 

aortic strips before and after application of PLC could be carried 

out to clarify this point.

If as Lapetina suggests (Lapetina, 1982) activation of PLC 

is the primary response to receptor activation and that the sub

sequently produced phosphatidic acid is responsible for activation 

of PLA^, a similar response to that of PLC would be expected with 

PLA^ on the aortic strip. It may be that the PLA^ in these 

experiments does not reach its site of action. Alternatively, 

the action of PLC does not involve PLA^. The 1,2-diacylglycerol 

produced by the action of PLC on phosphatidylinositol may be 

acted upon by diglyceride lipase and in this way release AA for 

metabolism (Bell et al., 1979).

A free radical has been proposed as a possible EDRF 

(Furchgott, 1980). To test this hypothesis several known free- 

radical scavengers were used to observe their effects on
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endothelial-dependent relaxations on rat aortic strips. Superoxide 

anion (O^ ) is a highly reactive free-radical which if not 

detoxified rapidly can interact with and alter the major molecular 

components of the cell (Fridovich, 1978). For example, it may 

react with proteins, causing enzyme oxidation and inactivation, 

or with unsaturated lipids causing lipid peroxidation and altered 

integrity of cell membranes (Shedova, Kagan, Novikov, Ulmasov, 

Kozlov and Ostrovsky, 1974). Superoxide dismutase (SOD) functions 

specifically to detoxify potentially toxic O^ (McCord and 

Fridovich, 1969)

_ _ + SOD
O2 ' + °2‘ + 2H  > O2 +

The hydrogen peroxide formed in this reaction can in turn be 

detoxified by catalase or glutathione peroxidase both of which 

reduce H^O^ to water. Superoxide anion radical and can

interact to generate free hydroxyl radical (*0H) and singlet 

oxygen (^O^)• These extremely reactive forms of O^ are believed 

to be produced indirectly by O^ /H^O^ combination in the presence 

of trace amounts of iron ions which occurs via the 'Haber-Weiss' 

reaction (Haber and Weiss, 1934).

+ ^2^2   ̂ + OH + Og

Neither SOD nor catalase either alone or in combination had any 

inhibitory activity on the relaxations induced by ACh on the 

rat aortic strip. Reduced glutathione which also acts as a 

scavenger of H^O^ was also without effect. These results do
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not support the theory that EDRF may be a free radical in rat 

aorta.

Further studies to gain some insight into the nature of EDRF 

involved the use of antioxidants. On the rat aortic strip it was 

found that a number of antioxidants inhibited endothelial-dependent 

relaxations. Retinol, a-tocopherol, cysteine, homocysteine, 

hydroquinone, methylene blue and potassium borohydride were all 

effective in inhibiting the endothelial-dependent relaxations of 

ACh. This is in agreement with studies from rabbit aortic strips 

(Griffith,, Henderson, Edwards, Lewis and Newby, 1983). On the 

rat aortic strip the inhibitory effect of many of the tested 

compounds was not restricted to ACh; histamine and ATP-induced 

relaxations were also inhibited, which is further evidence that 

these three agents are probably acting via a common pathway.

The inhibitory effects were selective to those relaxants acting 

via the endothelium as the strips were still capable of relaxation 

to papaverine. The response to cysteine was not stereospecific 

as both the L and D forms of the amino acid were equally effective. 

Similarly with a-tocopherol, the mixed isomers and the acetate 

were equally effective suggesting that it is indeed the 

antioxidant activity which is important for inhibiting the 

endothelial-dependent response, and not some other property of 

the substances. It is interesting to note that the endothelium- 

dependent relaxation induced by ACh appeared to be more resistant 

to inhibition than other endothelial-dependent relaxants. The 

reason for this is not clear but it may be that there is more than 

one EDRF.
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Demonstration of an EDRF as a humoral agent was shown by 

stimulating release of EDRF with ACh from perfused rabbit aortae 

and observing the effects on de-endothelialized coronary artery 

preparations (Griffith et al., 1983). Using this preparation it 

was demonstrated that the antioxidants were reacting directly 

with the humoral agent and not with the coronary artery. This 

was done by introducing the drugs at different sites along the 

tubing between the two vessels. Inhibitory agents were effective 

if introduced proximally but not if introduced distally 

(Griffith, Edwards, Lewis, Newby and Henderson, 1984).

From these results this group conclude that EDRF is not a 

lipoxygenase derivative. This may be an unreasonable conclusion 

as an unstable hydroperoxide (product of lipoxygenase activity) 

is equally likely to be acted upon by antioxidant agents. 

Furthermore many lipoxygenase inhibitors do possess antioxidant 

activity (Duniec, Robak and Gryglewski, 1983) and as the lipoxy

genase enzyme is a dioxygenase which is responsible for oxidation 

of unsaturated fatty acids it is probably difficult to separate 

the two activities.

Methylene blue was an effective inhibitor of the relaxant 

response to ACh on rat aortic .strips. As well as possessing 

antioxidant properties this compound is also a reported 

inhibitor of guanylate cyclase (Gruetter, Kadovitz and Ignarro,

1981). Thus the effects of cyclic GMP and dibutryrl cGMP 

were studied on the pre-contracted rat aortic strip. No relaxation
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could be induced by administration of either of these compounds 

to the bathing medium. Similarly neither cyclic AMP nor dibutryrl 

cAMP elicited any decrease in tension of the aortic strip. As 

previously stated methylene blue was a potent inhibitor of 

the endothelium-dependent relaxation. This is in agreement with 

other workers (Boltzmann, 1982; Rapoport and Murad, 1983).

However whether its action is via inhibition of the generation 

of EDRF; by interaction with the released EDRF or in the vascular 

tissue where it may inhibit guanylate cyclase cannot be deduced 

from these experiments.

It has recently been postulated that the endothelium-dependent 

relaxation by some agents is caused by EDRF which in turn increases 

cGMP levels in smooth muscle (Rapoport and Murad, 1983), which 

consequently results in dephosphorylation of myosin light chain 

(Rapoport, Draznin and Murad, 1983).

It may be that the dibutryrl cGMP added to the bathing 

fluid of the aortic strip does not reach its site of action.

In further studies it would be interesting to observe the effects 

of 8-bromo cGMP which is a lipophylic derivative of cGMP 

(Katsuki and Murad, 1977).

Considering the vascular implications associated with diabetes 

the endothelium-dependent relaxant effect of ACh was studied on 

aortic strips from diabetic rats. The relaxant effect of ACh was 

smaller than in controls but this difference was not significant. 

However the contractile effect of NA was considerably greater on
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aortic strips from diabetic rats. The range of concentrations 

over which NA elicited contractions did not differ but the 

contractions were significantly greater at all but the lowest 

concentrations required for contraction. This increase in 

responsiveness to NA is in agreement with studies on rabbit aortic 

strips (Cseuz, Wenger, Kunos and Szentiranyi, 1973). These 

results suggest that increases in blood pressure associated with 

diabetes are more likely to be due to an increased responsiveness 

to NA than a decrease in sensitivity to endothelial-dependent 

relaxants. However the vascular effects associated with 

diabetes generally manifest themselves some years after the onset 

of the disease and it may be unreasonable to expect to see changes 

in weeks. Furthermore the vascular effects of diabetes are 

generally associated with peripheral blood vessels. Further 

research on diabetes could include studies of endothelium- 

dependent relaxations in smaller arteries which have more 

involvement in the control of blood pressure.

The rat mesenteric vascular bed was used in this thesis with 

the view to generating EDRF to superfuse over a de-endothelialized 

rat aortic strip. The sensitivity to PHE was much lower in 

this preparation compared to the aortic strip preparation. Much 

higher concentrations of PHE were thus required to induce a 

constrictor response in the mesenteric vascular bed. This is 

consistent with studies comparing the sensitivity of rabbit aorta 

and superior mesenteric artery which showed that the latter was 

two orders of magnitude less sensitive to NA than the former
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(Ransom and Sevan, 1982). After removal of the endothelium from 

the superior mesenteric artery the threshold dose of NA and the 

value were greatly decreased. They also demonstrated that 

indomethacin potentiated the contractile response to NA at low 

concentrations and that this effect was increased by prior removal 

of the endothelium. They conclude from these results that in the 

superior mesenteric artery that the endothelium is responsible 

for the formation of vasodilating substances that are in part 

prostaglandins and that these antagonize the vasoconstrictor 

response to NA.

In the mesenteric vascular bed ACh, ATP, histamine and 

papaverine administered in bolus doses, caused a dose-dependent 

decrease in pressure. Indomethacin had an inhibitory effect 

on the response to ACh so that typically a dose twice that 

of the control dose was required to produce maximal vasodilation. 

This would be consistent with prostaglandins contributing to 

the vasodepressor response as reported in the superior mesenteric 

artery (Ransom et al., 1982) and mesenteric blood vessels 

(Nagy, Juhasz and Hadhazy, 1983). Attempts to remove the 

endothelium in the vascular bed included perfusing the preparation 

with water for two minutes, injecting bolus doses of collagenase 

and pumping air through the tissue for five minutes. No histology 

was carried out on any of these preparations and therefore it 

is not possible to determine if any of these procedures were 

effective. However of the three techniques employed only the 

pumping of air through the vascular bed resulted in a preparation
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from which any vasodepressor responses could be observed. After 

this procedure the vasoconstrictor to PHE was increased and the 

vasodepressor effects of ACh and ATP were much reduced although 

not completely abolished. The vasorelaxant responses to histamine 

and papaverine were not reduced. It would seem from these results, 

assuming a parallel with the role of the endothelium in other 

arterial preparations, that the endothelium had been partially 

removed by the procedure of pumpigg air through the vascular bed. 

It may be that the intima had not been completely removed and so 

ACh and ATP still exerted a slight vasodepressor effect via the 

remaining endothelial cells. Alternatively ACh and ATP in this 

preparation exert a vasodepressor effect not entirely dependent 

on the endothelium. It is interesting that unlike its effect 

on the rat aorta histamine does not appear to exert its effect 

via the endothelium as like PAP it was not inhibited by 

pumping air through the preparation.

As mentioned above indomethacin was found to slightly inhibit 

the vasodepressor responses to ACh. Pre-incubation of the 

preparation with other inhibitors of AA metabolism was not very 

successful. After perfusing with ETYA for 15 minutes, no 

pressure increase could be induced with PHE even at much 

higher concentrations than those of the control. This may be 

due predominantly to the poor solubility of ETYA. The drug 

comes out of solution in the Krebs' solution and undoubtedly 

causes blockage of the finer arterioles. No inhibitory response 

to ACh could be demonstrated with BW755C.
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In cascade experiments perfusate from the rat mesenteric 

vascular bed was superfused over a rat aortic strip that had been 

rubbed to remove the endothelium. Any EDRF generated in the 

pre-constricted mesenteric vascular bed by stimulation with ACh 

would in theory be detected by the pre-contracted aortic strip 

and observed as a decrease in tension. However no such effect 

was noted. There may be several possible explanations for this:

1. there is no EDRF generated from the vascular bed

2. the EDRF in the mesenteric vascular bed is not 

a humoral factor

3. the EDRF is inactivated before reaching the aortic strip

4. the aortic strip is supramaximally contracted and is 

therefore not sensitive to the action of EDRF.

Further studies are needed to elucidate these possibilities 

further.

We have shown that ACh and ATP, two substances that are known 

to cause endothelial-dependent relaxations in most other arteries 

on which they have been tested, cause vasodepressor responses 

on the mesenteric vascular bed. Furthermore, these effects are 

decreased by pumping air through the preparation - a procedure 

which is thought to remove the intima. These results suggest 

that ACh does stimulate generation of an EDRF in this tissue 

although no evidence for it being a humoral factor was obtained 

with limited experimentation. Due to the differences in sensitivity 

to the rat aortic strip and the rat mesenteric vascular bed to
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PHE it was necessary to perfuse phentolaraine over the aortic 

strip to prevent supramaximal contraction of the aorta. It had 

earlier been demonstrated that the relaxant effect of ACh may 

be entirely masked by supramaximal contraction. Although control 

experiments demonstrated that ACh was still able to relax a rat 

aortic strip superfused with phentolamine and high concentrations 

of PHE, this procedure will obviously dilute any EDRF that may 

be generated from the mesenteric vascular preparation perhaps 

reducing its concentration to sub-effective levels.

It is most likely then that EDRF is inactivated before it

reaches the aortic strip. EDRF released from rabbit aorta has
sec

been reported to have a half-life of 6.3 ± 0.65^(Griffith et al., 

1984).

Since endothelial cells line the heart, blood vessels and 

capillaries they must play a critical role in homeostasis and 

control of tissue-blood exchange. It is now quite clear that 

endothelial cells play key roles in body metabolism and control 

of vascular smooth muscle tone. Endothelial damage has now 

been implicated in several vascular diseases of major clinical 

importance for example diabetes mellitus, atherosclerosis, 

thrombosis, hypoxic pulmonary hypertension and circulatory 

shock. The discovery that the endothelium is responsive to 

a variety of vasoactive agents may have wide implications in 

vascular pathophysiology and pharmacology.
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