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ABSTRACT 

Prostaglandins (PGs) were tested over the concentration range 10- 13 to 10- 6 

M in the perfused rat mesenteric vascular bed (MVB). PGE2, PGF2a and PGA2 

enhanced noradrenaline (NA) and potassium (K+) contractions. PGI2 inhibited 

but PGEI and PGAl at low concentrations potentiated and at high concentra

tions inhibited NA contractions. K+ responses were uninfluenced by any of: 

PGE2, TxB2, PGI2, 6-keto-PGFla, PGD2, PGB2. 16,16-dimethyl PGE2 had actions 

which were a mixture of those of PGE2, PGEl and PGF2a. Indomethacin blocked 

responses to al 1 stimuli whereas imidazole, 1-benzyl imidazole, nicotinic 

acid, dipyridamole and 9,11-azoprosta-5,13-dienoic acid preferentially in-

hibited NA and angiotensin I I responses. The effects of both the cyclo-

oxygenase and thromboxane synthetase inhibitors were reversed by exogenous 

PGE2. RIA analysis of MVB perfusate and incubates of mesenteric artery and 

arteriole rings combined with TLC analysis identified immunoreactive PGE2, 

PGF2a, 6-keto-PGFia and TxB2. Adenosine was found to be a PG antagonist in 

the MVB and in isolated lymphocytes. Hydralazine preferentially inhibited 

NA responses, an effect consistent with antagonism of a PG since RIA analy-

sis showed that hydralazine did not stimulate PG12 biosynthesis. 

lt has been shown that the MVB synthesized several PGs including TxB2 and 

that vascular reactivity depended on the modulatory actions these PGs. The 

compounds tested here appeared to modify MVB reactivity by interfering with 

PG action and/or biosynthesis. 
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ABSTRACT 

Nous avons etudie l'effet des prostaglandines (PGs) au 
niveau du territoire mesenterique du rat, a des concentra
tions allant de l0- 3M a l0- 6 M. PGEz, PGEza, ainsi que 
PGA2 potentialisent l'effet vaso-constricteur de la nor
adrenaline (NA) et du potassium (K+). A toutes ces con
centrations, PGI 2 inhibe l'effet vaso-constricteur de la 
noradrenaline; a de faibles concentrations PGE 1 et PGA 1 
ont un effet potentialisateur alors qu'a de hautes concen
trations elles ontun effet inhibiteur. PGEz, TxB 2 , PGiz, 
6-keto-PGFla• PGDz, PGB2 ne modifient pas la reponse du K+. 
16-16-dinethyl PGE2 a des actions similaires a PGEz, PGE1 
et PGF2a· L'indomethacine bloque la reponse a tout stimu
li, alors que !'imidazole, le !-benzyl imidazole, l'acide 
nicotinique, le dipyridamole, ainsi que l'acide 9,11-cizo
prosta-5,13-dieno~que inhibent de fa~on plus specifique 
l'effet de la NA et de l'angiotensine II. La PGE 2 exogene 
inverse l'effet des inhibiteurs de la cyclooxigenase et de 
la thomboxane synthetase. Des dosages radioimmunologiques 
et des chromatographies sur couche mince de perfusat de 
territoire mesenterique, des incubations d'arteres mesen
teriques et de bandes d'arterioles, ont demontre l'immuno
reactivite de PGE2, PGF2a• 6-keto-PGFla et de TxBz. 
L'adenosine antanogise l'effet des PGs dans le territoire 
mesenterique et clans les lymphocytes isoles. L 1 hydralasine 
inhibe l'effet de la NA, cet effet est compatible avec son 
role d'antagoniste de PG, puisque des dosages radioimmuno
logiques demontrent que !'hydralazine ne stimule pas la 
synthese de la PG 2 . 

Il a ete demontre que le territoire mesenterique syntheti
se plusieurs PGs incluant la TxB 2 et que la reactivite 
vasculaire depend de !'action modulatrice de ces PGs. Les 
substances que nous avons etudiees semble modifier la reac
tivite du territoire mesenterique en interferant avec !'ac
tion de la PG et/ou sa biosynthese. 
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GENERAL INTRObUCTION 

PJLe.-ambte. 

Because of the ubiquitous nature and diverse actions of prostaglandins 

any introduction must of necessity encompass the chemistry, biosynthesis, 

regulation of biosynthesis and metabolism. In vivo, these factors deter-

mine the extent and diversity of prostaglandin actions. Prostaglandins 

are not stored, thus their release by tissues reflect de IWVO synthesis 

(Vane. 1978). Prostaglandins were first identified in the male reproductive 

accessory glands and their secretions. lt is now known that prostaglandins 

are widely distributed in mammalian tissues and body fluids e.g. kidney, 

lung, thymus, spleen, iris, thyroid, adipose tissue, uterus, placenta, 

blood vessels (arteries and veins), central nervous system, adrenals, gut, 

menstrual fluid, amniotic fluid, synovial fluid, etc. One well documented 

exception is the red blood cell, to date a synthesis capability has not 

been detected in human, subhuman, mature or immature erythrocytes (Ho~obin 

1978, Joh~on et at 1974). The occurrence of prostaglandins is not res-

tricted to mammalian tissue, Sehne.ide.JL et at (1973) identified PG like 

material in coral and more recently three plants were shown to have pros-

taglandin-like fatty acids (Cao and Cepe.Jz.o 7976). 

Since the discovery of PGs in 7935 by JLS. van Eute.JL, and the adoption 

of the now official term "pJLo.6tagtandin•• much has changed in methods used 

to assign names to the prostaglandins. 
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The letters E and F in prostaglandin designation refer to early 

observations of separation of prostaglandins (partially) by ether extrac-

tion of tissue homogenates. The E prostaglandins were taken up in the 

ether phase and the F prostaglandins remained in the aqueous buffer 

phase; acidic or basic treatment of these prostaglandins yeilded deriv-

atives designated A and B respectively (Hamb~g 1973). 

Stlr.uctuJte 

All prostaglandins contain 20 carbon atoms, a cyclopentane ring 

(five membered), two side chains and a terminal carboxyl group (-@-oH) of 

the parent prostanoic acid. Today classification is based upon the type 

and position of molecular groups and the degree of unsaturation (double 

bonded carbons, C =C), in addition all prostaglandins possess a C-13, C-14 

double bond and a IS-hydroxyl group which as will be discussed later appear 

to be essential for PG bioactivity (see Fig. 1 for structure and numbering 

system). Because of the rigidity imparted by the cyclopentane ring and the 

existence of double bonds, various isomers of prostaglandins occur. 

9 7 5 3 1 
.,.,~COOH 

20 

11 13 15 17 19 

F~g. 1: Structural formula of the hypothetical prostanoic acid. 

An alpha/beta (a/S) system is employed to define the stereo-chemical 

nature of the substituents on the cyclopentane ring. a Substituents 

are situated on the same side of the ring as the aliphatic side chain 

(C-7 to C-l) bearing the carboxyl group at C-1. B Substituents are 
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located on the side of the ring bearing the alkyl side chain {C-13 to 

C-20). 

There are two main natural prostaglandin groups, the I series and 

the 2 series,which have been widely studied. This categorization is based 

on the degree of unsaturation of a side chain. The I series is derived 

from dihomogammal inolenic acid (DGLA, 8,11,14 eicosatrienoic acid) which 

contains one double bond side chain and the 2 series, with two double bonds 

in the side chain is derived from arachidonic acid (AA, 5,8,11,14-

eicosatetraenoic acid). There is a 3 series in mammalian systems derived 

from 5,8, 11,14,17 eicosapentenoic acid (Ftow~ 1977; Raz 1977; Needteman 

et al 1976, 1979) which has three double bonds in the side chain. However 

not much is known about this series. 

The structures of the main prostaglandins classified on the basis of 

c substituents on the pentane ring as A,B,C,D,E and F are shown in Fig. 2. 

These prostaglandins differ from each other in several characteristic ways 

(SchneLd~ 7976). 

1. Number of double bonds (C C) 

2. Number of hydroxyl groups (R-C-OH) 

3. Presence or absence of keto groups {R-C=O) 
I 

R 

Recent advances in both analytical and stabi1ization techniques have 

led to the identification by biological action and finally chemical and 

structural characterization of three other types of compounds. 
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F~g. 2: Structures of the most important essential fatty acids, prosta
gJandins and related substances. 



1. Prostaglandin endoperoxides: They have two oxygen atoms derived from 

a single oxygen molecule, linking the 9 and 11 positions of the 

cyclopentane ring, and are formed as intermediates in the biosynthesis 

of prostaglandins (Mctou6 e:t at 1977; Fig. 4). Prostaglandin (PG)H2 

has side chains similar to the primary PGs described above while PGG2 

has an extra oxygen between the IS-carbon and its hydroxyl group, 

thls -OOH group is termed a hydroperoxy group, indicating the presence 

of the two oxygen atoms (Fig. 2). 

2. Thromboxanes. These are derived from the endoperoxides and have an 

oxygen atom inserted into the cyclopentane ring, producing a cyclo-

hexane compound with an oxygen atom bridging carbons 11 and 9 (Fig. 2). 

These compounds were originally discovered in thrombocytes, hence 

their name. 

3. Prostacyclin (PGI2) formerly termed PGX. In this molecule an oxygen 

atom links the 9 carbon of the cyclopentane ring to the 6 carbon 

of the aliphatic side chain (C-7 to C-1, see Fig. 2). 

The structures of the main prostaglandin compounds are shown in Fig. 2. 

The prostaglandins of the 1 and 2 series are synthesized from essential 

fatty acids (EFAs) of the linolenic acid (LA) family while prostaglandins 

of the 3 series are synthesized from a linoleic acid (Fig. 3). 

Linoleic acid is an 18 carbon acid, with two double bonds and the 

omega (w) bond six carbons away from the terminal carbon of the alkyl side 

chains (C-13 to C-20, Fig. 2}. lt is therefore designated 18:2w6. 
\. 
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18:2w6 
Linoleic acid 

Desaturase j 

18:3w6 
a Linolenic acid 

Elongase j 
20:3w6 

1 . . d --+ 1 series Dihomo-y-lino entc act 

Desaturase j 
20:4w6 
Arachidonic acid --r 2 series 

3 series 

18:3w3 
a Linolenic acid 

j 
18 :4w3 

20:4w3 

+---- 20: 5w3 
Eicosapentaenoic acid 

Fig. 3. The metabolism of essential fatty acids by which prostaglandins 
and related substances are biosynthesized. 
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Linoleic acid is desaturated (2 hydrogen atoms are lost) to give gamma (y) 

linolenic acid (GLA = 18:3w6) and GLA is elongated {by addition of two 

carbon atoms) to give dihomogammalinolenic acid (DGLA 20:3w6). DGLA is 

the precursor of the 1 series of prostaglandins or can be desaturated to 

give arachidonic acid (AA, 20:4w6) the precursor for the 2 series. DGLA 

and AA are termed polyunsaturated fatty acids and are normally found ester-

ified to phospholipids, to cholesterol and to other neutral lipids (C~ 

P4ion 1976). There are two positions for fatty acids in phospholipid mol-

ecules. The first position is usually occupied by a saturated (lacks C 

double bonds) and the second by a polyunsaturated fatty acid {containing 

more than one C = C double bond). 

The first step in the biosynthesis of prostaglandins is the conversion 

of free DGLA or AA to PGG endoperoxides (Fig. 4). This is accomplished by 

extraction of hydrogen, the closure of the ring at the sites of hydrogen 

removal (C-8 and C-12), the formation of an oxygen bridge (between C-9 and 

C-1 1) and hydroperoxidation (at C-15). The last step is catalyzed by a 

lipoxygenase enzyme and the first three by an enzyme complex known as cyclo-

oxygenase. The cycle-oxygenase is now thought to be made up cf four sub-

units, two units have heme bound as part of their structure, the other two 

units containing non-heme iron (Hemt~ and Lan~ 7977). In addition there 

is some evidence that there are two types of cycle-oxygenase, 1 Eb 1 provi

ding basal prostaglandin levels and 'Ea' which is responsive to stimulation 

(Sm~h and Landb 7972). The endoperoxide PGG produced by the cycle-oxygenase 

can be converted to PGH by an enzyme (PGG-PGH reductase) and appears to play 

a pivotal role in prostaglandin biosynthesis (Samuelb~on 7976). Sun et at 

(7977) suggested that in lung, 1 Eb 1 provided endoperoxide for prostacyclin 

production and 1 Ea 1 provided endoperoxide for thromboxane synthesis. 
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There are a number of compounds which can be formed by appropriate 

modification of the endoperoxides (PGG and PGH). These are enzymatically 

converted to a variety of products by an isomerase and perhaps a reductase 

enzyme to yield prostaglandins of the E, D and F types (Ha.mbeJLg et a.1. 1974; 

NugteJLen and Hazethu6 1973), by thromboxane synthetase to thromboxane A or 

by 6,9 oxycyclase into prostaglandin I. 

Perhaps the best characterized pathway for prostaglandin biosynthesis 

is that of the 2 series (Fig. 4). Conversion of arachidonic acid to prosta-

glandin endoperoxides and finally to prostaglandins and thromboxane is not 

the only route for arachidonic acid metabolism. A significant portion is 

converted by a lipoxygenase system, first to 12 L-hydroperoxy-5,8,11, 14-

eicosatetraenoic acid (HPETE) and then to 12 L-hydroxy-5,8, 11,14-

eicosatetraenoic acid (HETE) (Fig. 4). 

For more detailed descriptions of prostaglandin biosynthesis see 

Ha.mbe/tg and Sa.mue1.6.6on 1967; Ch!U.6t an.d Van Vo!tp 1973; Ha.mbe!Lg et a1. 1975; 

Mclou6 et a1. 1971; Ya.ma.moto et a£ 1977; Sun et a1. 1971; Pac.e -Muak and 

RangMa j 19 7 8) 

Prostaglandins can be converted from one class to the other, by enzy-

matic and in some situations, by non enzymatic reactions. The most impor-

tant interconversions documented thus far are: 

R 
I. The reduction of PGE, 9 keto-(C)-group by a NADPH-dependent 9-keto-

reductase enzyme producing PGF. This reaction is probably reversible 

under the appropriate conditions. There are probably several types 
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of 9-ketoreduc tase in 1i ght of the discovery by HM.OA..d et a£ ( 1971) 

of three different isoenzymes in a single tissue. 

2. The loss of a HzO molecule from the PGE, cyclopentane ring to produce 

PGAs. This reaction may take place enzymatically but can certainly 

take place nonenzymatically especially during isolation procedures 

at acidic pH (noted earlier in section on nomenclature). This has 

resulted in some debate about the real vs apparent existence and im-

portance of the A type prostaglandins. 

3. Isomerization of the PGA cyclopentane ring double bond from the 10:11 

position to the 8:12 position produces PGBs (see Fig. 2 for structures 

and Fig. 1 for numbering system). This reaction can take place in 

the presence of an isomerase (Joneo et al 1974) or in its absence. 

Recently PGD was shown to be produced by nonenzymic isomerization 

of an endoperoxide (Hamb~g and F~edholm 1976) in addition to enzyme 

mediated isomerization (Su.n et a£ 1977). 

Prostaglandins are metabolized to a variety of end products with little 

or no biological activity (Angg~d and Samu.et6~on 1966). A large number 

of metabolic pathways have been described (Sa.mu.et6~on et a£ 1971; C~ 

P~ok 1976; Pong and LevA..ne 7977). The following probably are the most 

important in inactivating the prostaglandins: 

1. Dehydratation of C-15 hydroxyl group of the alkyl side chain (C-13 to 

C-20) by IS-hydroxy-dehydrogenase to give 15-keto compounds. This 

enzyme is widely distributed (Angg~d and Samu.elc~on 1966; Saeed and 

Roy 1972; J~abak 1972; MMazzA.. and Ma.toc..hin.oky 1972; Uma..6 and Cohn 
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1973; Kaplan et at 1975; Paee-~ciak and Rang~j 7978) and requires 

NAD as a co-factor. lt is the main enzyme responsible for the des

truction of the biological activity of PG(s) E and F. There is also 

a second type of dehydrogenase requiring NADP as a co-factor and 

displaying preference for PGF (Lee and Lev~ne 1975). 

2. Reduction of the C-13 double bond. This is catalyzed by ~1 3 reductase 

which is found in many tissues (L~~on and Angg~d 1970) and is thought 

to be a soluble enzyme. This reduction of the C-13 double bond is 

thought to follow 15 hydroxy-prostaglandin dehydrogenase mediated 

reactions (C~ P~on 7976). 

3. Beta (S)-oxidation. This is the removal of the carbon fragments 

beginning at the carboxylic end of the molecule (C-1}. The products 

of s-oxidation are dinor - or tetranor - prostaglandin derivatives, 

indicating the removal of two or four carbons respectively. a
oxidation is the typical fate of many fatty acids (Bohi~ky 7973). 

4. Omega (w) hydroxylation. A hydroxyl group is substituted on the 

terminal carbon of the omega end of the molecule {Alkyl side chain). 

This usually follows the three processes described above. 

5. Omega (w) oxidation. The omega hydroxyl group is converted to an 

(acidic) carboxyl group. 

Metabolism of theE prostaglandins by these five processes in tandem 

gives 7 a hydroxy-5,11-diketotetra-norprosta-1,16-dioic acid, the main 

urinary metabolite in man. 
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Fig. 5: Main urinary PGE metabolite in man. 

While the catabolism of prostaglandins in man appears to be straight 

forward it is apparently more complicated in the rat. In this species 

there appears to be three pathways. each leading to a different end product 

(GJte.e.n 1971). 

6. Thromboxane (Tx) A2 is a very labile substance, with a short biologi-

cal half life (Samuelo.oon 7976). lt is apparently nonenzymatically 

converted to TxB2 (see Fig. Z for structure), a more stable, biolo-

gically inactive product. TxB2 can apparently be metabolized to 2,3 

dinor TxB2 by S oxidation by-passing the other catabolic steps. Thus 

at least in man and monkey, TxB2 undergoes single step B-oxidation 

(Rob~ et at 1977a, 1977b; Kindahl 7977). 

]. Prostacyclin (PG12) is also unstable and is converted to 6 keto PGFla. 

Unlike E and F prostaglandins, PGI2 is apparently not taken up and 

inactivated by the lung (Vu.oting et al 1978). However recent studies 

indicate that PGI2 is a substrate for kidney, lung and smooth muscle 

catabolic enzyme systems (McGui!te. and Sun 1978; Wong et at 7978). 

PGI2 appears to be a good substrate for vascular smooth muscle 15 

hydroxy prostaglandin dehydrogenase, while 6-keto-PGFla is not 

(Wong et at 1978). 
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The esterified forms of the prostaglandin precursors are not available 

to the prostaglandin cyclo-oxygenase complex, therefore the unsaturated 

fatty acids must first be released. This is now thought to be the rate 

limiting step in prostaglandin biosynthesis (Samu~~on. 7969; Ftowe4 a.n.d 

Bta.ckwett 1976; Sun. et a.l 7977) and is mediated by the phospholipase 

enzyme (Bta.c~ett et a.l 1978, Fig. 6). 

Available evidence does not indicate whether one or several of the 

phospholipid classes provide precursor for prostaglandin cycle-oxygenase. 

Recent data on phospholipase Az activity in platelets showed the loss of 

J- 14c (C-20 4c-6) arachidonic acid from a variety of phospholipids. 

R~~et a.nd Vey~n. {7976) found that phosphatidylcholine and phosphatidyl

inositol of human platelet phospholipid stores lost prelabeled arachidonic 

acid upon stimulation; Bta.c~etl et at (7977) and~ et a.l (1976) 

demonstrated that rabbit platelets lost arachidonic acid from phosphati

cylcholine, phosphatidylinositol and phosphatidylethanolamine fractions. 

In their study on human platelets Ju;.,e a.nd Cohen. (7976) concluded that 

diacyl phosphatidylethanolamine was the primary source of the arachidonic 

acid released. In attempts to clarify the situation R~~et a.nd Lenahd 

(7977) and R~~et a.n.d Vey~n (7976) determined the distribution of phospho

lipids in membranes of erythrocytes, viruses and platelets. They found that 

the phospholipid distribution was assymetric, phosphotidylcholine predomi

nantly in the exterior of the membrane and both phosphotidylserine and 

phosphatidylethanolamine were located on the surface of the inner membrane 

(facing the cytosol). Thus if different phospholipases were present, 

paralleling the distribution of the phospholipids, stimulation of prosta

glandin synthesis in discrete locations might be possible. Indeed in liver 
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and brain tissue differing types of phospholipases have been identified 

(Go~aQci et al 1978). The possibility then exists that other esterified 

forms of phosphol ipids other than those discussed above may play important 

roles (Vogt 1978; V~on and I~v~ne 1978; Flow~ 1977). 

The first direct demonstration of the sequence of induced release of 

polyunsaturated fatty acids from phospholipids by phospholipase Az and their 

conversion to prostaglandins was by Flow~ et at (1976,1975). Utilizing 

radiolabeled arachidonic acid, isolated platelets and slices of spleen, they 

showed that stimulation resulted in the release of arachidonic acid from the 

prelabelled phospholipid stores. This was paralleled by a significant 

increase in Jabeled prostaglandins; because prostaglandins are not stored, 

their release reflects de novo synthesis. 

Reguia.-Uon o6 phMphoUpa.oe aQtiv);ty 

The phospholipases of plasma membranes and microsomes appear to be 

absolutely dependent upon calcium ions (New~k and Wa.J.;te 1973). The 

optimal calcium ion concentration for phospholipase A activity of liver 

plasma membrane is 0.5 mM (Col~-To~queb~au et at 1975). In platelets 

divalent calcium ionophores (A23187 and X537A) are potent stimulators of 

phospholipase activity and prostaglandin biosynthesis (Fun.otebt et at 

1977; Oeiz et at 1977; P~Qkett et at 1977). A23187 also stimulates 

prostaglandin biosynthesis by the thyroid gland ~n v~o (Waeib~oeQk and 

Boeynaerno 1978) and cultured endothelial cells (Wek-6l~ et at 1978). In 

intact cells chelation of the extracellular calcium does not block phospho-

lipase activity suggesting an intracellular location of the calcium sensi-

tive site. This is supported by data from Co~d-To~quebia.u et at (7976) 

who demonstrated preferential phospholipase A2 activity on intracellular 
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phospholipids. Therefore regulation of phospholipase A2 activity can be 

effected by alterations in the availability of calcium. Additional support 

for calcium control of phospholipase Az activity comes from the observations 

that drugs with local anaesthetic activity (mepacrine, chlorpromazine, 

tetracaine, lidocaine and cocaine) which can displace calcium from binding 

sites are able to prevent phospholipase activation (Fei~tein et al 1977; 

Flow~ and Btacmweti 7976; Kunze et al 1976) at fairly high concentrations 

(lo- 3 M). While the evidence for calcium control of phospholipase A2 activ

ity is persuasive, it is also known that phospholipase A2 of lysosomal 

origin has no obligatory requirement for calcium (Waite et al 1976). lt is 

therefore possible that other controlling factors may prove to be equally 

as important as calcium. 

The exact mechanism by which various stimuli activate prostaglandin 

biosynthesis is at present, poorly understood. In Table 1 a survey of a 

variety of agents and other stimuli which activate prostaglandin synthesis 

is shown. lt is known that tachyphylaxis to one stimulus does not hinder the 

ability of another agent to stimulate prostaglandin synthesis. Thus the 

tachyphylaxis must be at a site other than the phospholipase mediated step 

(Needleman et al 7975}. This suggests that these stimuli do not act 

directly on the phospholipase enzyme. 

Much of what is known about eo-factors substances necessary for 

efficient prostaglandin biosynthesis has been gleaned from ~11 v~o enzyme 

experiments. These eo-factors invariably enhanced the production of one or 

more of the metabolites of arachidonic acid or dihomogammalinolenic acid 
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TABLE 1 

STIMULANlS OF PROSTAGLANDIN BIOSYNlHESIS 

catecholamine 

serotonin 

acety 1 cho 1 i ne 

TSH 

AClH 

LH 

pentagastrin 

bradykinin 

angiotensin 

vasopressin 

oxytocin 

co 11 agen 

thrombin 

calcium 
'1onophores 

ATP 

cyclic AMP 

uremia 

vascular smooth muscle, 
spleen 

brain, stomach, bovine 
seminal vesicle, 
vascular smooth muscle 

stomach, heart 

thyroid 

adrenals 

uterus 

stomach 

heart, bovine 
mesenteric artery 

spleen, endothelial 
cells 

kidney 

uterus 

platelets 

platelets 

platelets, endothelial 
cells 

heart 

3 T3 fibroblasts 

vascular smooth muscle 

Grodzinska et al 
Gimbrone 
Bedwani and Miller 

Coceani et al 
Wolfe et al 
Takeguchi et al 
Alexander and Gimbrone 

Pace-Asciak et al 
Justa"d and Wennmalm 

Haye et al 

Laychock et al 

Kuehl 

Shaw and Ramwe 11 

Needleman et al 
Juan and Lembeck 

Peskar and Hertting 
Gimbone and Alexander 

Zusman and Ke i ser 

Roberts 

Vincent and Zijlstra 

Hamberg et al 

Feinstein et al 
Weksler et al 

Needleman et al 

Lindgren et al 

Silberhauer 

1976 
1976 
1975 

1967 
1976 
1976 
1976 

1971 
1974 

1976 

1976 

1974 

1968 

1975 
1976 

1973 
1975 

1977 

1976 

1977 

1974 

1977 
1978 

1965 

1978 

1978 
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anaphylaxis 

vibration 

hypotonic 
solution 

ischemia 

radiation 

homogenization 

hemoglobin 

heme 

TABLE 1 cant. 

heart 

vascular smooth muscle 

intestine 

kidneys, heart 

skin 

seminal vesicle 

seminal vesicle, 
platelets 

platelets, seminal 
vesicle 

Anhut et al 

Baenzigner et al 

Vogt and Distelkotter 

McGiff et al 
Berger 

Camp et al 

Penneys et al 

Yoshimoto et al 
Hemler and Lands 
Tai et al 

Tai et al 
Ho et al 
Hemler and Lands 
Ogino et al 

\8 

1977 

1977 

1967 

1970 
1977 

1978 

1977 

1970 
1977 
1977 

1977 
1977 
1977 
1978 
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usually only changes in PGE or PGF concentrations were reported because 

of limited assay capability available at the time. In such a consideration 

of co-factor requirements, the mechanism(s) of action can only be specula

ted upon. 

Although the cycle-oxygenase is associated with the membrane fraction 

of cells, a heat stable co-factor(s) from the soluble fraction was required 

for good activity (Samu~~on 1970). Today, for biosynthetic studies (~n 

v~o), this co-factor is replaced by either hydroquinone, epinephrine or 

some other phenolic compound and reduced glutathione (GSH) (Lee and Lan~ 

1972; Y~htmoto et at 1970; Van Vo~p 7967). These eo-factors have been 

shown to increase the conversion rate of arachidonic acid to prostaglandins 

in many tissues (Takeguchi et al 197!; K~ng~ton, G~eav~ 1976; Yo~htmoto et 

at 1970). However in liver microsomes neither hydroquinone nor glutathione 

(GSH) were able to increase prostaglandin synthesis (Mo4ita et at 1977). 

Recently Vembi~~-K~ec et at (7977) suggested that the routine addition of 

eo-factors has distorted the profile of PG synthesis in various tissues, 

leading to the overemphasis of the importance of some prostaglandins, 

especially PGE2. 

The addition of glutathione appears to favour PGE2 production, because 

omission of this co-factor results in increased production of other PGs 

including PGF (Chen et at 1975; Lee, Land~ 1972; Takeguehi et al 1971). As 

a result of omission of glutathione no increase in oxygen uptake was seen 

although PGE2 production was sharply reduced suggesting the diversion of 

PG endoperoxides from PGE2 isomerase (Yo~himoto et at 1970). In human 

platelet incubates, Ho et at (7976) found that glutathione had no effect on 

Tx82 production whereas hydroquinone appeared to inhibit its production. 

On the other hand, Tai and Yuan (7977) reported that glutathione did 
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stimulate TxB2 production. In vascular smooth muscle, glutathione inhib-

ited the production of PGI2 whereas in its absence PG12 levels increased 

while PGE2 output was reduced (Vemb~~ka-K~ec et at 7977). This effect 

of glutathione is not nonspecific, because other sulphydryl (SH) containing 

substances have no significant effect on the enzyme {PG synthetase; Van 

Vo~p 1967; Takeguchi et at 1971). 

As a result of the unravelling of the biosynthetic pathway there are 

a number of key steps at which use of an appropriate pharmacological agent 

could aid immensely in understanding the biological role of prostaglandins 

~n v~vo or ~n v~o. These stages are shown in a single schematic outline 

(Fig. 6). 

As discussed earlier phospholipase Az seems to play a crucial role in 

prostaglandin biosynthesis by making free arachidonic acid available to the 

cycle-oxygenase. Thus by inhibiting the phospholipase, substrata is denied 

and the pathway becomes inactive. 

There is abundant evidence that this is exactly how the glucocorticoids 

regulate prostaglandin biosynthesis (Vemb~~ka-~ec et at 1978; Ko~but 

et at 1978; Chan~abo~e et at 1978; Hong and Lev~ne 7976; Ka~ocoitz et 

at 1975). 

1 n.h-L~o n o 6 cyc.lo- a xyg ena.o e 

The cycle-oxygenase produces endoperoxides from arachidonic or dihomo-

linolenic acid. Agents which inhibit this enzyme can be categorized into 

0 four classes: substrate analogues; other fatty acids; end products analogues; 

and nonsteroidal anti-inflammatory drugs (NSAID). 
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Lan~ et al (1972,1973) tested a number of substrate analogues and 

reported that those fatty acids which did not stimulate oxygen utilization 

acted as competitive inhibitors. The fatty acids with the greatest degree 

of unsaturation appeared to be more potent inhibitors. Ah~n and Vawnlng 

(1970) reported that acetylenic fatty acids (C = C) irreversibly inhibited 

prostaglandin synthesis. In general these fatty acids inhibit the product

ion of all the arachidonic acid metabolites (Fig. 5) indicating that they 

inhibit both the cycle-oxygenase and lipoxygenase enzymes. This irrevers

ible inhibitory actionwasdependent on the presence of oxygen andwaspre

vented by glutathione reductase (Vand~haek and Land~ 1973) suggesting that 

these acetylenic fatty acids served as enzyme substrates. Today 5,8, 11,14-

eicosatetrayno\~ acid (an acetylenic fatty acid) is widely used as an 

experimental tool. 

A number of different fatty acids in high concentrations inhibit the 

cycle-oxygenase. PaQe-~ciak and Wal6e (1968) described the irreversible 

inhibitory actions of oleic, linoleic and linolenic, however Ma4nett et al 

(7977) reported the stimulation of prostaglandin biosynthesis by lipoic acid. 

Therefore each fatty acid must be evaluated individually for their effects 

on cycle-oxygenase activity over a range of concentrations. 

Analogues of prostaglandins, 7-oxa, 5-oxa and thiol derivatives inhibit 

the cycle-oxygenase presumably at its active site (MQVanald Gib~an et al 

7977; Ohki et al 1977, see review by Lan~ and Rome 1976). These compounds 

are little used in research today. 
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Non .6:te!Lo-Ldai anU--Ln6tamma:toJty a.gen:t6 {NSAIV) 

The discovery by Sm-L:th and W~ (1971) and Vane (1971) that aspirin 

(acetylsalicylic acid) and aspirin-like drugs inhibited prostaglandin bio

synthesis was a significant development in the area of prostaglandin 

research. Since then, examination of a variety of nonsteroidal anti

inflammatory drugs have provided evidence for a significant correlation 

between therapeutic benefits and their potency as cycle-oxygenase inhibitors 

(Vane 1976; see review FtoweJt 1974). A number of other NSAID which possess 

anti-inflammatory properties cannot, at therapeutic concentrations, inhibit 

the conversion of arachidonic acid to prostaglandins. These include chloro

quine (GJtea.Ve-6 797Zb), steroids (Cha.ndJtab06e e:t at 1978; GJteave-6 7972), 

chlorpromazine and a large number of other drugs (Vane 1978; FtoweJt 1974). 

lt is becoming apparent that while these compounds (those acting at the 

cycle-oxygenase level and those that do not) can inhibit stimulated pros

taglandin synthesis, they do not inhibit basal prostaglandin biosynthesis 

(Sc.heJL~'L et at 1978; Pac.e-A.6uak et at 1978). 

M ec.ha.ntim o -6 ac.tio n o 6 non .6:teJto-Ldai anti--Ln Qtamma:toJty dJtu.g.6 ( NSA IV) 

Aspirin inhibition of prostaglandin biosynthesis is apparently 

irreversible (FtoweJt 1974); this is apparently due to the acetylation of 

the amino-terminal serine of the cycle-oxygenase enzyme (Ro:th and S-Lox 1978). 

Indomethacin is the NSAID most widely used as a research tool in 

probing the role of prostaglandins. Unlike aspirin it does not appear to 

irreversibly inactivate the cycle-oxygenase. In vascular tissue and plate

lets, its effect is readily reversible upon washout (Cou.paJt and Mc.Lennan 

1978; Matik 1978; Manku. et at 1976; cnook et at 1976). Further support for 

this is the inability to demonstrate covalent binding of indomethacin to 
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the cyclo-oxygenase (Stan6o4d et al 1977). There is some evidence that 

the availability of arachidonic acid will determine the 50% inhibitory 

concentration (IC50) of indomethacin in a competitive manner (Flow~ 1974). 

This then probably accounts for the reported wide variability of indome

thacin IC50 concentrations ranging from as low as 5 x lo-9 (Rob~n40n et 

al 1978) to 1.5 x 10- 4 M (B/ULtta.chanee et al 1973). Variation in the 

sensitivities of cyclo-oxygenases in different tissues will also determine 

their susceptibility to inhibition. Some inhibitory concentrations of 

indomethacin on prostaglandin synthesis are shown in Tables Z and 3, 

exemplifying the variation in sensitivity to this NSAID. 

IniUb~oM ofi endop~oude metabowm 

In 1973t two groups, Nugt~en et al and Hamb~g et al identified two 

endoperoxide intermediates in prostaglandin biosynthesis. Other exciting 

discoveries were those of thromboxane (Tx) A2 (Hamb~g et al 1975) and 

prostacyclin (PGI2) (Bunting et al 1976; Moncada et al 1976; 1977). Since 

their identification, pharmacological inhibitors of their respective syn

thetases have been identified. 

1 niUb~o n o 6 th!Lombo xa.ne. 1> ynthv.:.Lo 

In the case with TxA2, benzydamine (an anti-inflammatory agent) was 

shown to inhibit TxA2 synthesis at concentrations lower than those needed 

to inhibit the cyclo-oxygenase (Moncada et al 1976). More recently 

imidazole was identified as a selective inhibitor of TxA2 production 

(Needleman et al 1977; Moncada et al 1977). A number of other agents have 

been reported to selectively inhibit TxA2 synthesis. These compounds 

include N0164* (a phe~yl phosphate derivative of phloretin phosphate) 

* Sod~um p-benz-4- [ 1-oxo-Z-4 ( 4-chloJr.obenzyl) 3-phe.nyl-pJtopyl] phe.nyl phoL>pha.te.. 
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TABLE 2 

INDOMETHACIN INHIBITORY POTENCY ON PROSTAGLANDIN BIOSYNTHESIS 
(Enzyme P~e.p~tion6) 

Enzyme. P~e.pa.Jta.tion PG Ao.oa.ye.d Indo. 1C50 
( 11MI 

Re6~e.nc.e 

guinea pig lung homotenate F2o. 0.75 Vane 

dog spleen microsomes F2o. 0.3 Sykes and Maddox 
E2 0. 17 Flower et al 

rabbit brain homogenates E2 3.6 Flower and Vane 

rabbit kidney microsomes E2 3.9 Blackwell et al 

rabbit renal microsomes E2 0.62 Tachizawa et a1 

bovine seminal vesicles E2 7.0 Tom1 inson et al 
F2o. 30 Flower et al 
E2 38 Flower et al 

sheep seminal vesicles E2 14 Moncada et al 

aortic microsomes 12 2.77 X 10 3 Gryglewski et al 

1971 

1972 
1972 

1972 

1973 

1977 

1972 
1973 
1973 

1976 

1976 

0 

~ 
.:F 
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TABLE 3 

INHIBITION OF PROSTAGLANDIN BIOSYNTHESIS IN ISOLATED TISSUE BY INDOMETHACIN 

PJtepaJta:Uon PG A6~.>aye.d Indo. Conc.entJta:Uon (l!Ml % IniUbLtion Re 6e.Jte.nc.e/.l 

human platelets E2 0. 17 50 Smith and Willis 1971 
cat spleen (whole} E2 0.84-ll!.O 100 Ferreira et al 1971a 
dog spleen (whole) E2,F2a 1 60 Ferreira et a1 1971b 
rabbit spleen ( s 1 ices) E 2.8 70 Gryglewski and Vane 1972 
rabbit heart (whole) E2 1.43 100 Minkes et al 1973 
rabbit jejunum (whole) E2 2.8-28.0 lOO Fer rei ra et a 1 1972 
rat uteri (whole) E2,F2a 2. 8-11 . 2 lOO Vane and Williams 1972 
rabbit leukocytes E 1 84.0 lOO McCall and Youlten 1973 
human stomach E2 10 50 Peskar et al 1977 
rabbit retina E2 150 50 Bhattacharee et al 1973 
smooth muscle cells E2 5 50 Baenziger et al 1977 
synovial culture E2 0.005 50 Robinson et al 1978 

p 
1.11 



( Ku.R..kaJtn.i. and EafUn.c, 19 7 6; EafUn.c, and Kul..kaJtn.i. 19 7 7; N e.edlema.n et a..t 19 77) , 

3-isopropyl-3-nicotinyl indole (L8027} (Gnygl~~kl et a.l 1977), dipyridamole 

(B~t ~t a..t 1978; Ally et a..t 1977), benzydamine (MonQada et a..t 7976), 9,11 

azoprosta-5,13,dienoic acid (U51605) (Gonman et a.l 1977; Fitzpa.thiQk and 

Gonman 1978), nicotinic acid (V~nce.nt and Z~j~tna. 7978}. At high concen-

trations these compounds have other actions including inhibition of the 

cyclo-oxygenase, prostacyclin synthetase, 15 hydroxyprostaglandin dehydro-

genase and phosphodiesterase enzymes. 

Of these compounds, imidazole appears to be the most selective TxA2 

synthetase inhibitor (Ne.e.dleman and Bnyan 1978; Swt et a..t 1977; N~jkamp 

et a..t 7977) and appears to compete with the substrate PGH2 for the active 

site on Tx synthetase {T~ and Yuan 1978). 

Recent kinetic studies indicate that the Tx synthetase reaction is bi-

molecular, suggesting that two molecules of PGH2 are utilized in the 

production of one molecule each of TxA2 and HHT (And~on et a..t 1978). 

The compound prostacyclin {PGI2) was first suggested as a short lived 

intermediate in the formation of 6-keto-PGFJa in rat stomach {PaQe.-A~~k 

1971; 7977). The structure of PGI2 was elucidated by John.c,on et a..t (7976) 

and confirmed this earlier prediction (PaQe.-~~ak 1971, Fig. Z). 

Selective pharmacological inhibition of PGI2 synthesis by 15-hydroperoxy 

arachidonic acid {G~ygl~~fU et a..t 1976) and 13-hydroperoxy-linoleic acid 

(Safmon et a..t 1978) has been shown. Another PGI2 synthetase inhibitor 

tranylcyprumine (Gnyglew~kl et a..t 1976), was less potent when compared with 

the substrate analogues in v~o. Recently, V~tlng et a..t (1978) presented 

evidence suggesting that the inactivity of 15-hydroxyperoxy arachidonic 

acid in v~vo is a result of its metabolism to a PGI2 precursor. The 
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prostaglandin analogue U51605, in addition to inhibiting TxA2 synthetase, 

appears to be equipotent in inhibiting PGJ2 synthesis (Sun et a£ 7977; 

N eedteman et a£ 79 77) . 

In/Ub.Uo!t o6 PGH :to E -i4omeJtMe 

Van Eve!t:t et a£ (1978) found that 5,8, 11 eicosatrienoic acid which 

accumulates during essential fatty acid deficiency inhibited theconversion 

of endoperoxide to E type prostaglandins. This compound can be made from 

oleic acid in the absence of prostaglandin precursors. 

At the present time pharmacological modification of the prostaglandin 

system is limited to the use of inhibitors of enzymatic synthesis. 

There is an acute necessity for the development of prostaglandin receptor 

antagonists {Needteman 7978). In the following section the available 

prostaglandin antagonists and their actions are covered. 

An:tag o ~:t6 o 6 p!to .6:taglancLi.Ju 

The 7-oxa derivatives of prostynoic acid were developed by F!teld et a£ 

(1968). They showed that 7 oxa-prostynoic acid (?OPA) inhibited prostaglan

din induced contractions of the guinea pig ileum and gerbil colon. This 

compound has been tested in many preparations and has been shown to possess 

mixed antagonist properties or no effect. Structure activity 

studies (F!teld et a£ 7969; 7977) established the independence of antagonist 

activity from the size of the prostynoic acid ring, however there appears 

to be a requirement for the acetylenic bond (C ~ C) in investing specificity 

against prostaglandins (Fo!td and F!teld 1968). More recent studies have 

established that ?OPA is a partial agonist; receptor binding studies 

demonstrated its affinity for the prostaglandin receptor (Go!tman and MitteJt 

7973) and studies in blood vessels established its intrinsic activity 

( OzafU et a£ 1 9 7 8) . 
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Recent efforts along the same line have produced 8-ethoxycarbonyl 10,11 

dihydro-PGA (Sc.hoike.M et a£ 1975) which did not appear to display 

specificity in its actions (Ad~kan et a£ 1977). Other members of the 

prostaglandin family have been modified to produce antagonists. Two 

examples of these are 11,15-bisdeoxy PGEJ (Tolman et a£ 7977) and N-

dimethylamino PGF2a (F~zp~c.k et a£ 7978). The latter compound N-

dimethylamino PGF2a was a potent and effective antagonist of PGF2a (~ 

v~o and ~n v~vo). 

Other compounds bearing little structural resemblance to prostaglandins 

have been reported to antagonize the actions of prostaglandins. Amongst 

these compounds the dibenzoxapine derivatives and the polyphloretin phos-

phate esters are the most widely tested. 

There are a number of other agents which appear to possess prostaglan-

din antagonist actions ~n v~o. However these substances have been ina-

dequately investigated to determine the nature of their antagonism. These 

substances include: morphine (Jac.queh 7969; Co~~ et a£ 7974), fenamates 

(Co~~t e.t a£ 1968; Sann0t 7976), prostaglandins themselves (Sann0t and 

Ea~M 7976; Manku et a£ 1978), ouabain (Kad~ et a£ 7969; G~eenb~g et 

a£ 1974; Ho~ob~n et a£ 1977), progesterone (Chang 1973), estradiol 

(Gutnec.ht et a£ 7972),quercetin (Ram~wamy 1971), lithium (Me.ndet6 and 

F~~0t 1974), diphenylhydantoin (G~eenb0tg et a£ 1914). 

P~o~taglandino and v~c.~ ~mooth mu~c.te. 

Gotdbiatt (1933; 7935) and van Eul~ (7935) described what were perhaps 

the first effects of extracted prostaglandins on vascular smooth muscle. 

The latter investigation clearly demonstrated association of the biological 
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numerous other studies have confirmed and extended the observation of 

profound effects of prostaglandins on vascular smooth muscle. 

The ~n v~vo and ~n v~o studies on the biological actions of prosta-

glandins show considerable variability depending on the species, vascular 

tissue, existing tone and the concentrations of prostaglandins used. 

Prostaglandins may have potentiating, inhibitory, biphasic or no effect 

on vascular smooth muscle (Attuna and Attuna 1976). They appear to 

participate in the normal and pathophysiological functioning of the cir-

culatory system and might be extremely important as determinants of vascular 

tone and reactivity (MeG~66 et al 1976; Manku et al 1977; 1978). These 

actions are summarized in Tables 4, 5 and 6. 

Prostaglandin biosynthesis has been reviewed earlier. These substances 

are synthesized by virtually every tissue in the body including blood ves-

sels. There does not appear to be any evidence for storage of prostaglandins; 

as a result, their appearance is indicative of de novo synthesis in response 

to stimulation. This can be brought about by a variety of stimuli (see 

Table 1) including vasoactive agents such as noradrenaline, angiotensin 

I I and vasopressin. In v~vo very little prostaglandin can be found in the 

arterial circulation presumably because of the efficient uptake and 

degradatory mechanism in the lung. Thus with the possible exception of 

prostacyclin, it is probable that the prostaglandins are "locaJI' hormones. 

Very little thromboxane (Tx) A2 is synthesized by vascular smooth muscle 

(Tuvemo 1978; Needleman et at 1977), although thromboxane A2 is the 

most potent constrictor of vascular smooth muscle formed during 

arachidonic acid metabolism (Tuvemo 1978). 
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TABLE 4 

SOME EFFECTS OF PROSTAGLANDIN$ IN VASCULAR BEDS 

Speuv.. Bed PILMt.agtavuUn {PG) E66ect Re6e!Lenc.e 

rabbit pulmonary E 1, E2 d i 1 at ion Hauge et al 1967 
kidney E2,El,A2 d i 1 at ion Ma 1 i k and McG i ff 1976 
coronary 12 biphasic Karmazyn et al 1978 

rat mesenteric F2a constriction Manku et al 1977 
mesenteric E I dilation Messina et al 1974 
coronary 12 biphasic Karmazyn et a1 1978 
kidney E2 biphasic Malik 1978 
spleen TXB2 constriction Ma 1 i k 1978 

F2a constriction Ma I i k 1978 
E2 d i 1 at ion Ma I i k 1978 

guinea pig coronary A2 constriction Schror and Krebs 1977 
coronary 12 biphasic Dusting et al 1977 

cat skeletal muscle F2a, 12 dilation Smith et al .1978 
pancreas 12 d i 1 at ion Smith et al 1978 
stomach El ,E2, 12 dilation Smith et al 1978 
pulmonary E2 d i 1 at ion Smith et a 1 1978 
kidney El,E2,F2a,l2 no effect Smith et al 1978 

dog coronary 12 dilation Armstrong et a1 1977 
skeletal muscle 12 d i 1 at ion Hor.r i et .a 1 1978 
uterus E1,E2,Al dilation Clark et al 1977 
kidney F2a no effect McGiff and ltskovitz 1976 

dog cerebral F2a constriction White et al 1971 
pulmonary PGH2,E2,F2a,D2 constriction Kadowitz and Hymon 1977 

Hyman et al 1977 
F2a constriction Fitzpatrick et al 1978 

Wicks et al 1976 
TXB2 constriction Wasserman and Griffin 1977 

...,., 

mesenteric E 1, E2 ,A2 d i 1 at ion Lee 1968 0 

H2 d i 1 at ion Dusting et al 1978 
Chapnick et al 1977 
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Prostaglandins of the E series generally tend to decrease blood press

ure whereas the F type prostaglandins either decrease or increase blood 

pressure depending on the species studied (HoJtton 1969; Att~a. a.nd Att~ 

7976). Prostaglandins appear to affect vascular smooth muscle at sites not 

susceptible to blockade by adrenergic, cholinergic, antihistaminic or 

ganglionic blocking drugs but sensitive to agents such as 7-oxa prostynoic 

acid, polyphoretin phosphate and SC19220 (Na.kano et al 1971; Ada.ikan a.nd 

Ka.nim 1974; Pa.~tk a.nd Vyek 7972). 

Prostaglandins of the E type decrease peripheral vascular resistance 

in almost every vascular bed studied, with PGEl generally being more 

potent than PGE2 (Malik, McGi66 7976; Na.ka.no 1973). One notable exception 

is the pulmonary vascular bed which is constricted by PGE2 (Ka.doWitz et a.l 

1975; Ma.the et a.l 7977). Direct split screen microscopy measurement of 

exteriorized rat mesocaecal circulation have shown that E type prostaglan

dins dilate the arterioles (M~-6ina. et a.l 1974). 

F type prostaglandins cause marked increase in pulmonary vascular 

resistance (Kado~z and Hyman 1977; F~zp~ck et at 1978) and have also 

been shown to have venoconstrictor action in the same vascular bed (Vucha.Jtme 

et a.l 1968), whereas PGF2 caused dilation in skeletal muscle at concentra

tions lower than those used in the above studies(Sm.Uh et a.l 1978). In the 

perfused spleen, PGF2a caused constriction of the renal vasculature whereas 

PGEl and PGE2 caused vasodilation at the same concentration (Ma.lik 1978). 

Although the enzyme 9 keto reductase is present in many rat tissues 

(L~lie and Levine 7973), conversion of PGE2 to PGF2a during perfusion of 

the spleen was insufficient to produce a constriction. These actions of 
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prostaglandins are thought to be the result of a direct action on the re

sistance vessels (Mall~ and MeGi6n 1976). Samovo (1972) demonstrated that 

PGEl and PGE2 inhibited pressor responses to infusions of angiotensin 11, 

vasopressin and noradrenaline in the spinal cat, revealing the direct 

actions at the arteriolar level. 

Though the net effect of prostaglandins on selected vascular beds and 

mean blood pressure are known, little is known of prostaglandin action on 

total systemic blood flow distribution. In a recent study Smith et al 

(7978) examined the effects of PGEl, PGE2, PGF2a and PGI2 on blood flow in 

vivo to heart, lung, kidney, adrenal, skeletal muscle, stomach, jejunum, 

pancreas, liver and spleen. They found that PGEl significantly increased 

gastric blood flow, PGE2 increased cardiac output, lung and gastric blood 

flow and PGF2a increased skeletal muscle and gastric blood flow. PGI2 

increased cardiac output, skeletal muscle, gastric, jejuna] and pancreatic 

blood flow. None of the prostaglandins increased or decreased blood flow 

to the I iver. These data clearly demonstrated that in vivo the same 

prostaglandin exerts a differential vasodilatory action on vascular beds. 

The reduced systemic blood pressure seen was not a result of global 

vasodilation. The only prostaglandin showing consistent vasodilation 

was PGI2. Further eivdence for the potent vasodilatory action of PGI2 is 

its potent antihypertensive actions in acute (noradrenaline and angiotensin 

infusion) hypertension and that caused by the release of renal occlusion 

(Sehoike~ 7978). 

Thromboxane A2, the proaggregatory metabolite of prostaglandin endoper

oxides in thrombocytes, contracts all blood vessels (Tuvemo 7978). lt is not 

presently known if it affects microvessel blood flow in vivo, nor if it 

is released by blood vessels other than the umbilical artery (Tuvemo 7978). 
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Recently M~k (1978) showed that in the perfused spleen TxB2 (the stable 

metabolite of TxA2) potentiated vasoconstrictor responses to injected 

noradrenaline and sympathetic nerve stimulation and increased the basal 

perfusion pressure. PGE2 infused in a similar manner produced opposite 

effects and was inhibited by simultaneous infusion of TxB2. On a mass 

basis 200 times more TxB2 was required to inhibit PGE2 actions (see Tables 

4 and 5). 

Exogenously administered prostaglandins have the ability to act directly 

on vascular smooth muscle or to potentiate or inhibit the actions of vase-

active substances (Attuna and Attuna 1976; see Table 5). In the rat 

mesentery or cremaster muscle {-in v.-tvo, Me.-6.6-i.na e;t a.l 1974) and rat 

spleen (.-tn v~o, M~k 7978) PGEl depressed arteriolar responses to a number 

of vasoconstrictors including epinephrine and norepinephrine. In the rat 

mesentery (.-Ln v~o) PGEl, PGE2, PGF2a, PGAl, PGA2 potentiated vasoconstric-

tion to noradrenaline and adrenergic nerve stimulation (Coup~ and Mctennan 

1978; Manku and Ho~ob-in 1977; M~k and MeG.-L6fi 7976) whereas in the rabbit 

mesentery (.-Ln v~a) vascular responsiveness to these stimuli were atte-

nuated by these prostaglandins (M~k and MeG.-Lfi6 7976). 

Prostaglandins can exhibit biphasic effects on vascular smooth muscle; 

stnong and Boht (7967) observed that low concentrations of prostaglandins 

relaxed and high concentrations contracted renal and mesenteric arteries. 

Recently Pom~antz et al (1977) reported a similar biphasic effect of PGI2 

on umbi 1 ical artery (-in v~o). In the .-tn v~a perfused heart Vu.oUng e;t 

al (1977) and K~maZ!:/1'1 et at (7978) observed that low concentrations of 

PGI2 increased vascular tone and high concentrations caused vasodilation. 

In the perfused mesenteric vascular bed (.-Ln v~o) PGEl displayed a biphasic 
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effect on vascular reactivity to noradrenaline, low concentrations poten-

tiating and high concentrations inhibiting pressor responses (Manku et a1 

7977). PGI2 on the other hand produced a monophasic depression of nora-

drenaline responses in a similar preparation (Atty et a1 1978; see Table 

5) . 

The discovery (Smith and W~ 1971; Vane 1971) and the development 

of inhibitors of prostaglandin synthesis such as indomethacin and aspirin 

facilitated studies on the role of endogenous prostaglandins on vascular 

reactivity and the regulation of vascular tone. In isolated perfused vascular 

beds indomethacin either inhibited or potentiated vascular responsiveness 

to vasoconstrictory agents. In the perfused rat mesenteric bed (Manku and 

Ho~obln 1976) and perfused rat spleen (Mallk 1978), indomethacin produced 

opposite effects on noradrenaline responses, potentiation in the spleen 

and inhibition in the mesenteric bed. Inhibitors of prostaglandin synthesis 

(indomethacin and 5,8, 11,14 eicosatetraynoic acid, ETA) superfused on the 

rat master muscle enhanced the vasoconstrictor responses of arterioles 

to locally infiltrated angiotensin and norepinephrine (M~~lna et a1 1975). 

In the rat mesenteric vascular bed indomethacin inhibited responses to both 

these vasoconstrictors (Manku et at 7976). Thus within one specie there 

are dramatic differences in the contribution of endogenous prostaglandins to 

vascular reactivity. An additional complication is that differences exist 

between species e.g. indomethacin which inhibits vascular reactivity in rat 

mesentery has the opposite effect in rabbit mesentery (Ma1lk et at 7976). 

In v~vo prostaglandin synthesis inhibitors do not appear to alter arteriolar 

diameter in vascular beds (Hlntze and Kaley 1977; A!tuna 1978; M~~lna et 

a1 7977). However the use of anaesthetics in these studies might be a con-

0 tributing factor because if the arteriolesweremaximally dilated, no further 

dilation would be possible. 
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Vaoc.utaJt .omoot:h mw..c.l.e. ( VSMl 

VSM display a heterogeneity of ultrastructural, physiological and 

pharmacological properties. This mosaic depends on the species and the 

part of the vasculature examined. Much of what is known of the properties 

of VSM has been obtained using easily obtained vessels such as the aorta 

and other large arteries (Somlyo and Somlyo 1976). 

Type..o on .omoo:th mw..c.l.e. 

The classical division of vascular smooth muscle is into two groups, 

'multi-unit' and 'single-unit' smooth muscle. The 'multi-unit' smooth 

muscle consists of functionally independent cells with a paucity of cell 

to cell contacts between them. In contrast 'single-unit' smooth muscle 

is thought to have close opposition of the adjacent cell membranes. These 

are termed nexi and are presumed to form the structural links for cell to 

cell propagation of electrical impulses and for the inherent rhythmicity 

within the tissue (Somlyo and Somlyo 1968). Most large blood vessels behave, 

under physiological conditions as 'multi-unit' systems whereas in the micro-

circulation the precapillary resistance vessels (meta-arterioles) are 

classified as 'single-unit 1 smooth muscle. On the other hand, some smooth 

muscle exhibiting rhythmicity have no morphological evidence of cell to 

cell contacts (Hend~on et a£ 1971). 

Other differences do exist between these two types of smooth muscle. 

In rhythmic smooth muscle, 'single-unit', the contractions are triggered by 

a fast spike depolarization (cf action potential) usually superimposed on 

a rhythmic oscillation in membrane potential. In contrast 'multi-unit' 

smooth muscle display a stable membrane potential and contracts in response 

to depolarizing stimuli or neurogenic or other vasoactive substances. 
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Smooth muscle cells have a variable longitudinal dimension. In large 

vessels e.g. aorta, smooth muscle cells are over 100 ~m long and about 

3-5 pm wide, whereas in the smallest arterioles, they are about 40 pm long 

and about 3-5 pm wide (Somlyo and Somlyo 1970,1976). In large blood vessels 

there is a large amount of elastic tissue interspersed amongst the circul-

a~\~ oriented smooth muscle. The presence of collagen fibers, in addition 

to the elastic tissue, protect the mechanical integrity of these blood 

vessels. The amount of both elastin and collagen decrease with the size 

of the arteries and is very sparse in the arterioles (Vev~ne 7978). 

The smooth muscle cell itself is very similar to other cells in that 

it possesses a nucleus, numerous mitochondria, golgi apparatus, microtubules 

and sarcoplasmic reticulum. 

P!Mma membttane. 

Electron microscopy of sections and fractions of the plasma membrane 

show numerous small invaginations of the cell membrane. The invaginations 

have been given many names e.g. pinocytotic vesicles, microvesicles, 

surface vesicles (Somlyo and Somlyo 1968, 1970). The actual function 

of these surface vesicles is unknown, however mitochondria and sarcoplasmic 

reticulum are often seen in close proximity to the surface vesicles 

(Somlyo and Somlyo 7976; Somtyo et al 1972; Ve.v~ne. et al 7972). lt is 

possible that these vesicles increase the surface area of the cell thus 

facilitating diffusion of various substances, in addition to providing 

binding sites for various cations. 
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The distance separating cell membranes in the small mesenteric arteries 

of the rat is of the order of 10 nm, whereas in the rabbit pulmonary artery 

the distance is 2-3 nm (Vev{ne 1978). The muscle cells have a well defined, 

easily visualized, basement membrane (Somlyo and Somlyo 1968). Beyond the 

basement membrane collagen fibers are found in an apparently random manner 

among the muscle cells. In the larger blood vessels elastic tissue is 

associated with the collagen in the intercellular matrix. 

SaJLc.o plMm{c. Jt et.i..c.ulwn ( SR) 

This term is used to describe the intracellular tubular system forming 

conduits with invaginations of the striated muscle cell membrane. This 

term is used in smooth muscle terminology to describe the diffuse SR nor

mally seen. In many cases smooth muscle SR is associated with microsomal 

ribosomes and is termed rough SR as opposed to smooth SR (no associated 

microsomes). The volume of the smooth muscle cell occupied by the SR 

ranges from 2% to 6% of the cell volume (Vev{ne 1978). The SR does not 

open directly to the extracellular fluid, but forms close relationships 

with the surface vesicles in the plasma membrane (Vev{ne et at 1972). 

Role o6 SR {n ml.L&c.le c.onbtac.tJ..l.1.ty 

In striated muscle the SR is presumed to be the site of activator 

calcium involved in excitation contraction coupling (Fab{ato and Fab~to 

1977; Sandow 1970). The role of the SR in some smooth muscle appears to be 

of a similar nature (Somtyo and Somlyo 1970). The ability of the smooth 

muscle SR to accumulate calcium has been demonstrated by Somlyo and Somlyo 

(1971). These workers noted mitochondrial uptake of calcium perhaps 

implicating them in vascular contractility. These results have been con

firmed with microsomal fractions from rabbit aorta (F{tzpabt{ek et at 1972; 



c Sand4 et at 1977) and bovine aorta (Sand4 et at 1977). In a related study 

Yama4hLta et at (1976) examined calcium uptake, release and Mg ATPase activ-

ity of SR from arterial smooth muscle. They found SR uptake of calcium 

ions was ATP dependent, required the presence of magnesium and was readily 

released into calcium free buffer. Interestingly the mitochondrial poison, 

azide, inhibited the SR Mg ATPase enzyme but not its calcium accumulating 

activity. The optimal conditions for calcium release were the presence of 

ATP and magnesium at physiological pH. lt is therefore possible that SR 

in aorta and other vascular smooth muscle play an important role in the 

regulation of muscle activity in association with other intracellular 

organelles such as the mitochondria (V~~eA et at 7975). 

As in skeletal muscle the contractile machinery of the smooth muscle 

is made up of thick and thin filaments. The myosin (thick) and actin (thin) 

filaments extracted from vascular smooth muscle will form a contractile 

aggregate in v~o upon the addition of ATP. In v~o this rate of form-

ation of the actin-myosin complex is slower than that with skeletal muscle 

actin and myosin (Sp~ow et at 1970). This could be related to a corres-

pondingly slower ATPase activity of the contractile proteins similar to 

the slow ATPase rate of aortic SR (Yama4hLta et at 1976). 

Vascular actin is indistinguishable from skeletal actin, both in 

amino acid composition (Go4hetin-Reye et at 7969) and its ability to activate 

skeletal myosin (Sehinm0t 1965). In contrast arterial myosin appears to be 

structurally quite distinct from skeletal myosin but similar to myosin from 

other smooth muscles (Hamo~ 1973). The ATPase activity of vascular 



0 contractile proteins has been localized to S1 subfragments of the myosin 

molecule. These subfragments are presumably the points of attachment in 

the formation of actin and myosin cross bridges (see Paul and Ruegg 1978 

for detailed biochemical explanation of these events). 

Ac:tiva;t,io n o 6 aetomyoJ.:.J.n .o y.o.tem 

The requirement for ionized calcium by vascular smooth muscle is best 

demonstrated in leaky smooth muscle cells. The plasma membrane is rendered 

permeable to calcium by glycerination or chelation of membrane calcium. 

Porcine carotid arteries prepared by these procedures contract in response 

to added ATP only if the free ionized calcium available is greater than lo-7 M. 

with maximal activation at 10- 5 M (Paul and Ruegg 1978). Recently AJ.:.ttley 

e.t a£ (1978) using an intracellular calcium sensitive electrode determined 

that the resting intracellular (cytoplasmic) fluid ionized calcium was lo- 7 M 

and rose to lo- 5 M during maximal contractile responses of skeletal muscle 

fibres. The close agreement between these data strongly suggest that the 

calcium requirements of smooth and skeletal muscle are similar. 

In skeletal muscle the site of calcium interaction is at the troponin-

tropomyosin level (Fabia.to and Fabia.to 1977). The picture is not quite 

as clear with regards to vascular smooth muscle. V~ake and H~ho~ne 

(1975) suggested that the calcium regulatory site was located on the actin 

filaments and possibly linked to a troponin like substance. To date no 

direct evidence for the presence of troponin in vascular smooth muscle 

has been documented (Sp~ow and ~oekJ.:.m~ 1972; Paul and Ruegg 1978). 

Evidence for a myosin linked calcium regulated site has been presented by 

~wa and Ruegg (1975). This site has been localized to the light molecular 



weight chains of myosin. In the absence of calcium ions the interaction 

of actin and myosin is unlikely, the binding of calcium to the myosin mol-

ecule appears to be crucial for actomyosin complex formation. 

In skinned smooth muscle (glycerol or EDTA treated), calcium anta-

gonists lack any inhibitory effect when the contractile system was directly 

activated by ATP and calcium (Weden and G~ 1973). These data indicate 

that the calcium sensitive site(s) differ from more peripheral calcium 

binding sites. In a comparative study using skinned skeletal, cardiac 

and smooth muscle, it was established that calcium sensitivity differed 

between muscle types (Nakahata 1978). 

A model for smooth muscle contraction was proposed by Hewnan {1971). 

He suggested that the thick and thin filaments were arranged in parallel 

bundles. The thin filaments(attached at one end to a dense body) presumably 

slide and interdigitate between the thick filaments during a contraction. 

Some morphological evidence for this arrangement was provided by C~ooke 

and Fay (1972a,b). 

Contraction is associated with an increase in ionized calcium; con-

versely the obvious mechanism for initiating relaxation is to either decrease 

cytosolic calcium or alternatively decrease the sensitivity of the con-

tractile proteins to calcium (Som.tyo and Som.tyo 1970). In terms of simply 

calcium movement, relaxation can be effected by inhibition of calcium 

influx, resequestration of cytosolic calcium and/or extrusion of ionized 

calcium across the plasma membrane. 
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lt has been suggested by And~on (7972) that increased levels of 

cyclic AMP are responsible for relaxation in smooth muscle. Use of phos

phodiesterase inhibitors in various preparations have provided indirect 

support for this suggestion (Poc.h and Ku.kovetz 1972; Fe!l.JUVl.).. 1974). In 

studies in which cAMP levels were measured and correlations made with 

the time course of relaxation no such relationship could be substantiated 

in both vascular and nonvascular smooth muscle (H~hy et at 1976; Ally 

1976; Co~no and Sutt~ 1975; Ina.tomi et a.1 1975; V~a.mond and Ha.ntte 1974; 

V~a.mond and Hobne,o 197 4) • In an ear 1 i er study by A1 T a.£ and GJta.ha.m (19 72) , 

theophylline and papaverine (in concentrations which inhibit cyclic AMP 

phosphodiesterase) antagonized rather than enhanced PGE induced relaxation 

of perfused rabbit ear artery. Recently Sc.lv'1.0Jt et at (1979) reported that 

PGI2 relaxation of coronary blood vessels {rat and bovine) was associated 

with a significant decrease in intracellular cyclic AMP levels. In another 

model of excitation-- contraction coupling, made up of a homogeneous 

cell population (platelets) Wang et a.1 (7978) measured cyclic AMP levels, 

adenylate cyclase activity and phosphodiesterase activity in response to 

aggregating stimuli and inhibitors. These workers concluded that no 

correlation could be found between either the activation or the inhibit 

of platelet aggregation and levels of cyclic AMP 
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METHODS AND MATERIALS 

Male Wistar strain rats (180-220 g) were housed in group wire cages 

at the Clinical Research Institute of Montreal, animal care services where 

1 ight was regulated into 12 hours on, 12 hours off. Food (Purina Laboratory 

Rat Chow) and water were allowed a.d UbUu.m. These animals were used for 

all pharmacological studies. In experiments in which prostaglandin syn-

thesis was determined, Wistar rats (150-320 g) similarly housed at the 

animal care facll ities of the University of Freiburg, West Germany, were 

used. 

The rats were anaesthetized with ether and the abdominal cavity ex-

posed. The superior mesenteric artery was cannulated (P-50 or P-60 cannula) 

and perfused using a Watson-Marlow flow inducer with a modified Krebs-

Henseleit buffer of the following composition: mM: 150 sodium, 4.3 

potassium, 1.0 magnesium, 2.5 calcium, 0.85 phosphate, 25 bicarbonate, 

remaining anion chloride, 5.5 glucose, bubbled with a mixture of 95% oxygen 

and 5% carbon dioxide, final pH 7.4 at a constant temperature of 30°C. 

The ileal artery was ligated and the vascular bed dissected out along its 

margin with the intestine. The external surface of the vascular bed was 

washed clean with buffer and transferred to a PT-10 (Canlab Montreal) flow 

stream divider and suspended in a jacketed muscle bath (30°C). Perfusion 

pressure was recorded via a side arm off the stream divider using a Bell 

and Howell blood pressure transducer (sensitivity 0-250 mm Hg, 1 mm Hg 

= 133.3 Pascals). The signals from the transducer were recorded on a thermal 

paper recorder (Devices, England) calibrated for a 100 mm Hg full scale 
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deflection, with an input of 2.5 mVolts. Flow rate was adjusted to give 

a baseline perfusion pressure of 25-30 mm Hg. Using preparations from 180-

220 g rats, this was found to be 3 ml/min. A sample trace showing changes 

in perfusion pressure during the dissection is shown in Fig. 7 (flow rate 

3 ml/min, 180 g 6 rat). The segiments of the tracing are: (a) the in ~itu 

perfusion pressure (23.3 ± 2.0 mm Hg, n = 10, M ± SO) upon cannulation of 

the artery, (b) in ~itu perfusion pressure upon transection of the ileal 

artery (26.66 ± 2.1 mm Hg, n = 6, (c) in ~itu perfusion pressure upon liga

tion of the ileal artery {28. 17 ± 2.4 mm Hg, n = 6), {d) in vitno perfusion 

pressure after severing the small arteries to the gut (27. 16 ± ~7 mm Hg, 

n = 6). Any alteration in the procedures for the isolation of the vascular 

bed, for a particular experiment, is indicated in the appropriate section 

of the results. 

After an equilibration period of 1 hour, vascular reactivity was 

tested by an intra-arterial injection of a pressor agent (100 ~1 bolus). 

In this study pressor substances used were, noradrenaline bitartrate (I ~g/ 

100 ~1) and potassium ions (43 x 10- 3 moles). These pressor agents caused 

a transient vasoconstriction and was recorded as an increase in perfusion 

pressure (see Fig. 29 for an example of noradrenaline and potassium con

tractions). 

At the start of each experiment 4 test injections of the appropriate 

agent were administered at 5 minute intervals while the preparation was 

being perfused with buffer; the mean of these responses was taken as 100%. 

The substance (synthetic or natural) to be investigated was then added to 

the buffer reservoir and the effects on the response to the same dose of 

pressor agent were investigated. Each substance was investigated over a 

range of concentrations added cumulatively to the buffer reservoir, unless 
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F~g. 7. Pressure recording of changes in rat mesenteric vascular resistance 
during a typical dissection and preparation of the vascular bed. 

a Cannulation of the mesenteric artery; 

b Section of the ileal-colon artery; 

~ Ligature of ileal-colon artery; 

d Dissection of vasculature from border with gut. 

Flow rate 3 ml/min, rat d 180 g, horizontal bar indicates 5 min., 
vertical bar 20 mm Hg (1 mm Hg = 133.3 Pa). 
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noted otherwise in the results. The pressor amplitude (mm Hg) concentration 

response curves to intra-arterial injections of noradrenaline and potassium 

ions are shown in Fig. 8. 

ExpJte.6.6Ion o6 expeJU..me.n-ta..l da.ta. 

Inhibition or potentiation of pressor responses to a particular pressor 

agent are expressed as a percentage of the mean pressor response amplitude 

(mm Hg) obtained prior to exposure to the test substance. The normal pressor 

response amplitude to bolus injections of noradrenaline (3 x 10- 9 moles) was 

41.5 ± 2 mm Hg (M± SEM, n = 25) and that to potassium ions (43 x 10- 3 moles} 

was 62.5 ± 3 mm Hg (M± SEM, n = 28). Responses were pooled and the data 

used to construct log dose-response lines. Ordinate: responses as a % 

of control; Abscissa: concentration of the compound in the buffer. In some 

cases graphical analyses of the data by the method of Hofi.6te.e. (7952) and 

Vowd and Rigg.6 (1965) was carried out. 

In some experiments the adrenergic nerves innervating the arteries of 

the mesenteric vascular bed were stimulated. Platinum electrodes were 

placed 2-4 mm below the tip of the cannula and the nerves stimulated at 

supramaximal voltage with biphasic rectangular pulses, 0.5 msec duration, 

10 ~· for 15-25 seconds every 5 minutes, using a Grass SDI I stimulator. 

Stati.6tic.a..l ana..ly.6I.6 

Statistical evaluation was performed using a single classification 

analysis of variance (ANOVA) for unequal sample size (Sokaland Rohl6 7966) 

allowing comparison of corresponding points in dose response curves. The 

homogeneity of variance was determined prior to each ANOVA by the F max test 
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F~g. 8. The effect of noradrenaline and potassium ions injected intra
arterially as a lOO ~1 bolus into the isolated perfused rat 
mesenteric vascular bed. ~noradrenaline, o K+, 0 K+ (6 hydroxy
dopamine pretreated, 50 mg/kg lP 2 days). 

O!r.d.i.na:te: pressor responses mm'Hg ( 1 mm Hg = 133 Pa). 

AbuA.J.>P.Ja: Amount of noradrenaline or potassium ions injected as 
a 100 ]Jl bolus. 

. 
Each point represents the mean ± SE for six experiments. 
( 1 mm Hg = 133.3 Pascals, Flow rate = 3 mls/min). 
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(Sokal and Rohto 1966). The computation of the ANOVA was routinely carried 

out using a Hewlett-Packard programmable calculator and a program from 

the same source. The reliability of the program was checked using sample 

data from Sokal and Rohtn (7966). A p value< 0.05 was considered signi-

ficant. 

Rat Fundic Strip: Male Wistar rats were anaesthetized with ether, 

the abdomen opened and the grey fundal part of the stomach cut away, irri-

gated with buffer (composition as above), cut into strips and mounted in 

a 50 ml muscle bath. Complete details are given in the appropriate results 

section. The fundic strip was contracted with PGE2 (10 ng/ml, 2.8 x 10-8 M). 

Dose response lines for papaverinewereconstructed using several concen-

trations of this drug. 

Raji cells: These experiments were carried out by Dr. R.A. Kanmati. 

Briefly, an established lymphoblastoid line of Raji cells (Meneze6 et a£ 

1976) were suspended in 5 ml of growth medium RPMI 1640 + 10% heat 

inactivated fetal calf serum; 100 U/ml penicillin, 100 ~g/ml streptomycin, 

10 ~g/ml garamycin, 0.25 ~9 fungizone) at an initial concentration of 2 x 

105 cells/ml. The media contained either no adenosine or l x 10-4 or 2 x 

10- 4 M adenosine. At each adenosine concentration incubations were carried 

out in the presence of PGE2 (0. l, 10, 102, 103, 104 pg/ml; 2.8 x l0-12 to 

2.8 x 10-8 M). 8 sets of each culture were prepared and incubated at 37° C 

for 72 hours. All cultures were harvested at the same time and numbers of 

cells/m! counted using a Coulter cell counter. 

Arterial rings: Briefly, the mesenteric artery was cannulated as 

described above and perfused continuously. Using a pair of fine blunt 

forceps the tissue adherent to the blood vessels of the mesenteric vascular 



bed was stripped away. Once this had been completed the mesenteric artery 

and its attendant blood vessels were transferred to a vial containing pre

ch i lied buffer (4°C ). From these arttr i es, rings were prepared and used in 

experiments to determine the effect of noradrenaline and various drugs on 

prostaglandin biosynthesis. Complete details are given in the appropriate 

results section. 

Theory: The assay for prostaglandins is based on competition between 

a fixed quantity of radiolabelled prostaglandin ( 3H PG) and varying amounts 

of unlabelled prostaglandin for binding sites on rabbit antibodies raised 

against a specific prostaglandin. Thus there is an inverse relationship 

between the amount of labelled prostaglandin-antibody complex and the 

amount of unlabelled prostaglandin present in the assay mixture. The quantity 

of unlabelled prostaglandin in the sample was estimated by determining the 

antibody bound radioactivity. Separation of the antibody bound prostaglandin 

from the unbound prostaglandins was accomplished by charcoal adsorbtion. 

After centrifugation, the supernatant was decanted and the amount of radio-

active prostaglandin bound to the antibody determined by liquid scintillation 

spectrometry. The concentration of unlabelled prostaglandin in the sample 

was calculated from a standard curve for the particular radioimmunoassay. 
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1. Assay buffer. The buffer was prepared by combining 16.2 ml of 0.5 M 

Na2HP04, 3.8 ml of 0.5 M NaH2Po4 and lOO ml of 1.5 M NaCl stock 

solutions. The mixture was then diluted to 1 L with double distilled 

water and 1 g of gelatin added. This phosphate-buffered-saline 

mixture was stored at 4°C. 

2. Charcoal slurry.This was prepared by adding 10 g of charcoal to 0.5 L 

of assay buffer prepared as described above but omitting the gelatin. 

The slurry was prepared at least 24 hours before its use, and was also 

0 stored at 4 C . 

3. Radio-labelled prostaglandins. 3H-Tx82 was prepared and purified as 

described by G~a~~tnom et a£ (1916) using washed human platelets as 

enzyme source and 5,6,8,9,11,12,14, 15- 3H-arachidonic acid (New England 

Nuclear Co., specific activity 64 Ci/mmole) as substrate*. 3H PGE2 

was bought from the same source; 3H-6-keto PGF1a was prepared from 

labelled arachidonic acid using vascular smooth muscle and purified 

by thin layer chromatography*. 

4. Unlabelled prostaglandins, TxB2, PGE2, 6-keto-PGFla. 

5. Anti-sera to TxB2, PGE2 and 6-keto-PGFla. 

* Prepared by technical staff in laboratories of Drs. B.A. Peok~ and B.M. 

Peo~. Rabbits were immunized with prostaglandin-albumin conjugate. 

Antisera were harvested as described by Anhut et al (1911). 
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Each standard binding reaction was conducted in a total volume of 

2.0 ml. This was equilibrated overnight at 4°C. The components of the 

incubation mixture for a TxB2 assay were added to a 14 x 100 mm plastic 

disposable test tube in the following order: 

1. 1.4 ml of assay buffer containing 3H prostaglandin of the desired CPM. 

2. 0.5 ml of either perfusate, incubate, unlabelled prostaglandin or 

assay buffer. 

3. 0.1 ml of an appropriate titer of anti-sera which bound 40-50% of 

3H prostaglandin in the absence of unlabelled prostaglandins. 

Upon the addition of the antisera the test tubes were each vortexed 

for 20 seconds, thoroughly mixing the contents. The mixture was allowed to 

equilibrate overnight at 4°C. A group of no more than 20 tubes were sel-

ected and 0.2 ml of the charcoal slurry (see assay materials) was added 

and mixed immediately. Within 2-3 min the test tubes were placed in the 

centrifuge and centrifuged at 3,000 RPM (Sorval RC-3, swinging bucket rotor, 

4°C) for 10 min. The supernatant was decanted into a 10 ml plastic scintill

ation counting vial containing 7.0 ml of Scintigel(R) cocktail. The vial 

was capped and the contents thoroughly mixed. The radioactivity present 

was counted in a liquid scintillation spectrometer. Assay blanks were 

prepared as described but omitting the 0.1 ml of antisera, substituting 

buffer or buffer containing the drug being used in its place. This blank 

value was used to correct all raw counts per minute (CPM) obtained in the 

assay. For 6-keto-PGFla assays a smaller volume of sample (0.1 or 0.2 ml) 

was used and the volume of assay buffer adjusted to compensate, ensuring 

that the final incubation volume remained a constant 2 mls. 
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The 6-keto-PGFla and PGE2 antisera showed negligible crossreactivity 

with most prostaglandins. In contrast the TxB2 antisera showed significant 

cross reactivity with PGD2 and negligible cross reactivity with the other 

prostaglandins tested (Anhut et a£ 1977). 

The concentration of prostaglandin in each sample or unknown was 

calculated using a programmable desk top calculator (Hewlett Packard}. 

The program used was written by Dr. B.A. Peokan, the data for the standard 

curve was processed to generate an equation describing a logit plot for the 

percentage inhibition of 3H prostaglandin (TxB2, PGE2 or 6-keto-PGFla) to 

the antisera versus the logarithm of the quantity (pg} of standard (unla-

belied TX82, PGE2 or 6-keto-PGFla). The line of best fit (least squares 

method of regression analysis) for the standard curve (now transformed 

to a line by the transformation of the data to Jogit plot) allows the 

rapid calculation of the amount of prostaglandin present in each unknown. 

The corrected counts per minute (raw counts per minute -- blank counts 

per minute = corrected counts per minute [CPM]) for each unknown was cal-

culated and was then expressed as % inhibition of binding of 3H PG to the 

antisera. This latter value was then substituted into the equation describing 

the standard curve (line), the solution of which yielded the amount of 

prostaglandin present in the aliquot of unknown. Each standard curve was 

determined using 15 concentrations of either TxB2, PGE2 or 6-keto-PGFJa. 

The program automatically rejected all values which were less than the 

10% confidence limit of the standard curve. This limit is the smallest 

amount of prostaglandin which can be reliably determined by the radioimmuno-
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assay. An alternative way of terming this is 11 the limit of sensitivity••. 

The upper (90%) and lower (10%) confidence limits for the three radio-

immunoassays are shown in Table 8. 

Table 7 Confidence limits (pg) of the TXB2, 
PGE2 and 6-keto-PGFla radioimmunoassays 

PROSTAGLANDIN CONFIDENCE LIMIT (pg) ANTISERA 
---------------------10% 90% Lot 

TXB2 26 1440 146-4 

PGE2 7.9 299 32-7 

6-keto-PGFla 132 3650 176-S 

Perfusate: Prostaglandin concentrations in the perfusates were ex-

pressed as picogram (pg, 10-1 2 g) per milliliter (pg/ml}. To convert the 

release of prostaglandins to pg/min multiply the values shown as pg/ml 

by a factor of 3 [~.e. pg/ml x 3 ml/min (flow rate) = pg/min]. 

Incubates: The amount of prostaglandin synthesized during the 10 

minute incubation period of the arterial rings were standardized by con-

verting the values obtained per incubate to nanogram (10- 9 g) prostaglandin 

per gram tissue (wet weight) per 10 minute (ng x g- 1 x 10 min- 1). This 

conversion or standardization facilitated comparison of different experi-

ments. 
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TIUn layeA ch!Loma.togJW..phy (TLC) 

Perfusate~ For TLC, 2 x 30 mls of perfusate from vascular beds (350 

g ~) was acidified to pH 3.2 with 0.1 N HCl and extracted twice with 2 

volumes of ethyl acetate. After separation and centrifugation, the ethyl 

acetate phases were combined, evaporated (rotary evaporator 40°C}, the 

residues (unknown) solubilized with 1 ml ethanol and transferred to a small 

vial and the volume was reduced to 100ul ; an aliquot was spotted onto a 

TLC plate (Merck, Kieselgel 60, Darmstadt FRG) along with authentic TXB2, 

PGE2, PGF2a, 6-keto-PGFla and PGD2 in parallel channels. After development 

the marker spots were visualized by spraying with phosphomolybdate reagent 

(Merk FRG} and heating in an oven (120°C) for 1 minute. The sample channel 

was then divided into thirteen (1 cm) zones from origin to solvent front. 

The silica gel in each 1 cm section was scraped off the plate and the 

prostaglandins eluted overnight into 1.0 ml of methanol. The methanol was 

decanted, evaporated and the residue redissolved in 1.0 ml of assay buffer. 

Aliquots of this were analyzed in the radioimmunoassay for TXB2. Two diff-

erent solvent systems were used for thin layer chromatographic separation 

of prostaglandins; these were: diethyl ether: methanol: acetic acid 

(180:1:2, volume:volume), and ethylacetate:ethanol:acetic acid (100:1:1, 

volume:volume). 

Approximately 2.4 ml of arterial ring incubates (0.3 ml x 8 rats) 

was acidified to pH 3.3 with 0.1 N HCl and extracted with 10 ml of ethyl 

acetate. The extract was then processed as described above for extracts 

of perfusates. The zones of the TLC plate was assayed for TxB2 1 ike activity 

in the TxB2 radioimmunoassay. The TLC plate was developed in the solvent 

system ethyl acetate:ethanol:acetic acid (100:1:1, volume:volume). 



Drugs were obtained from the following sources: 

Atd.JU..eh Che.miea.l Company, MovttJtea.l - aminophylline, 1-benzyl imidazole, 

1-benzylinosine, 2'deoxyadenosine, 3'deoxyadenosine, imidazole-

4-acetic acid, isobutylmethylxanthine; 

Boe.~nge.n-Ingle.he.im, MovttJte.a.l - dipyridamole; 

W Lilly and Company, ToJtonto - A23187; 

Ho66man-La Roehe, MontJtea.l - verapami 1, X537A; 

Linz Pha.Jtmaeeutiea.l, Au~tftia - hexobendine; 

Ne.tMn R~eaJteh Company, CaU6oJtnia - N0164; 

Notuuidt Phcvunaeeutiea.l, New YoJtk - dantrolene; 

Rougie.n IneoJtpoJtate.d, Mont.Jte.a.l - d i prophy 11 i ne; 

Sigma Che.miea.l Company, St Lou~ - adenine, adenosine, 5'adenosine 

monophosphate, 5'adenosine diphosphate, 5'adenosine mono-

phosphate, 2-chloroadenosine, 3',5'-cyclic adenosine mono-
I 

phosphate, N6 ,o 2 -dibutyryl-3',5'-cyclic adenosine mono-

phosphate, 6-N-methyladenosine, angiotensin 11, arachidonic 

acid, caffeine, dopamine, dopamine sulphate, ethylenediamine 

tetraacetic acid, guanosine, 5'guanosine monophosphate, 

hydaralazine, 6-hydroxydopamine, imidazole, indomethacin, 

inosine, mefenamic acid, nicotinic acid, noradrenaline bitar-

trate, noradrenaline HCl, papaverine, phenoxybenzamine, phen-

tolamine, reserpine, theobromine. theophylline, tyramine, 

8-chloroxanthine, hypoxanthine, xanthine; 
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Upjohn Company, Kal.a.ma.zoo- prostaglandin (PG) Al, PGA2, PGB2, PGD2, 

PGFla, PGF2a, 6-keto-PGFla, PGI2, TxB2, 16,16-dimethyl-PGE2; 

All other chemicals were reagent grade from various sources. 

The following compounds were gifts from individuals: 

lidoflazine- Ms V. Bartlett, Queens University, Kingston; 
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theophylline-7-acetic acid- Dr. K. Nakatsu, Queens University, 

Kingston; 

9,11,azo-prosta-5,13-dienoic acid- Dr. B. Peskar, University 

of Freiburg. 
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SECTION 1: PROSTAGLANDIN$ 
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RESULTS 

PJLel.Un).J1a!tY Expe!Ument-6 

Et)t)ec..t at) pe!TJAJl;te!Uai. neJtve ,otimul..a..:tton a.nd exogen.ou.o p!teMoJL 
J.JLi..muU on peJtt)UAion pJLeJ.Jf.JWl.e in if.Jo.ta.ted peJtt)u.oed Jta.t meJ.Jen:teJtic. 
a..tt:teJtio.teJ.J : c.hemic.a..t ,o ympa.thec..tomy o 6 a.dne.neJtgic. n.eJtve..o. 

Isolated rat mesenteric blood vessels perfused with physiological 

salt solution maintained a steady basal perfusion pressure for up to six 

hours. Stimulation of periarterial nerves or injection of noradrenaline 

or potassium ions into the arterial cannula via a side arm constricted the 

mesenteric blood vessels, detected as a transient increase in the perfusion 

pressure. The vasoconstrictor response of the mesenteric vascular bed to 

periarterial nerve stimulation but not those to injected noradrenaline or 

potassium ions were abolished by pretreatment of the animals with reserpine 

(2.5 mg/kg, intraperitoneally for 1 day) or 6-hydroxydopamine (50 mg/kg, 

intraperitoneally for 3 days, Fig. 8). These drugs are known to cause 

selective depletion of the adrenergic nerve terminals (Goodma.n and Gi.tma.n 

1974). 

Thus the periarterial nerves to the mesenteric arterioles appear 

to be postganglionic adrenergic. The pressor response to potassium ion 

depolarization did not appear to depend on the liberation of noradrenaline 

from the nerve endings. 

In two experiments each, neither tyramine (I mg/ml} dopamine or 

dopamine sulphate (lOO pg}ml, respectively) injected intraarterially pro-

duced a response (contraction or relaxation). 
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Efifiect on a a.ditenoJtec.eptoll bloc.ke;u, on p!teo.OoJt Jteopon.6eo 

The reversible a blocker phentolamine (Io-s - 10-6 M) and the alkyl

ating irreversible a blocker phenoxybenzamine (Jo-6 M) were both effective 

in blocking responses to periarterial nerve stimulation and injected 

noradrenaline but not those to potassium ion depolarization (3 experiments). 

After equilibration of the isolated perfused mesenteric vascular bed 

with normal buffer switching to a Ca free buffer (essentially the same as 

the normal buffer but with the calcium omitted) did not result in any 

alteration in baseline perfusion pressure {six preparations). This was not 

the case with pressor stimuli, noradrenaline pressor response amplitude 

decreased to 70-80% of normal and potassium ion depolarization was ineff-

ective within ten minutes. In the presence of a calcium free Krebs buffer 

containing 10 mM EDTA both noradrenaline and potassium pressor responses 

disappeared (two preparations). Analysis* of the calcium free buffer 

{made by omitting the calcium chloride) revealed the presence of low con

centrations {~ 10- 6 M) of ionized calcium ions. This extracellular calcium 

concentration was however insufficient to initiate contraction upon mem-

brane depolarization (by intraarterial injection of potassium ions). 

Ac.tion.-6 on exogenou.o pJto.ota.gla.ncU..n-6 ~n the meoent~c. VMC.ula.Jt bed. 
En 6ect on p!t0.6ta.gfuncU..n.6 E1 a.nd E2 on nolta.ditena.Une a.nd potM.6~u.m 
pJteo.6oJt neopon.6eo. 

In preliminary experiments prostaglandin El added to the buffer 

reservoir in a cumulative manner over the concentration range 10- 13 - 10- 11 M 

~'t Atom~c. a.b.6oJtbtion .opect:Jtometlty by VJt A. Upton. 
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produced a biphasic effect on noradrenaline pressor responses. Low con

centrations of PGEI (I0- 13 - 10- 11 M) caused a potentiation of noradrena-

line pressor responses whereas high concentrations (> lo-ll M) caused a 

progressive inhibition (Fig. 9). In contrast PGEl had no effect (at any 

concentration tested) upon potassium pressor responses. To test further 

whether this was a general property of prostaglandins, the effect of PGE2 

(over a similar concentration range) was examined. PGE2 potentiated both 

noradrenaline and potassium pressor responses with maximum potentiation 

at 10- 7 M of about 60%. The potentiations were noradrenaline (24 mm Hg 

x 133 Pa/mm Hg) and potassium (36 mm Hg x 133 Pa/mm Hg) respectively (Fig. 

1 0) . 

Comp~on ot} the et}fiect6 ofi pJto,ota.glandin-6 E1, E2, A1, A2 and F2a 
on noJtadJtena..tine pJte.,o.ooJt Jte.,opom,e.,o 

Having established that the actions of prostaglandins are unique, in 

that PGEl and PGE2 did not produce the same effects, it was decided to 

examine the effects of other naturally occurring primary prostaglandins. 

The effects of prostaglandins El, E2, Al, A2 and F2o. on noradrenaline 

pressor responses are shown in Fig. 11. As can be seen both PGAl and PGF2~ 

potentiated noradrenaline pressor responses, an action similar to that of 

PGE2. On the other hand PGA2 potentiated at low concentrations (10 pg/ml) 

and inhibited at higher concentrations (100 pg/ml to 10 ng/ml). This 

latter compound behaving somewhat like PGEl. However unlike ·PGEl, PGA2 

potentiated potassium pressor responses (3 experiments). 

Efit}ec.t o-Q PGAJ, PGA2 and PGF2a. on po.tM-Oium pJte.,o-OoJt Jz.Mpom,e.,o 

In three experiments each, the effects of PGAl, PGA2 and PGF2a. 

on potassium pressor responses were evaluated. All three prostaglandins 

potentiated pressor responses in a concentration dependent manner (10- 12 -
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F-ig. 9. Influence of PGEl on noradrenaline and potassium pressor responses. 
Each pressor agent was injected as a 100 ~1 bolus into the mesent
eric artery and the change in resistance, as a result of vaso
constriction, monitored as an increase in perfusion pressure. 
Preparations were equilibrated for 1 hour before beginning the 
experiment and test injections of the pressor agent made every 
4 or 5 minutes. The mean pressor response of the four contract
ions prior to the addition of PGEl was taken as lOO% and all 
subsequent responses expressed as a % of this. 

Data shown represent the mean ± SE for six experiments. 
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F-ig. 10. Influence of PGE2 on noradrenaline and potassium pressor responses 
as described in Fig. 9. Each point represents the mean ± SE 
for six experiments. 
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F-ig. 11. Influence of prostaglandins (PG) El, PGE2, PGAl, PGA2 and PGF2a 
on noradrenaline pressor responses. PGE2, PGEl and PGF2a 
potentiated noradrenaline responses in a concentration dependent 
manner whereas PGEl and PGA2 had a biphasic effect, potentiating 
at lowconcentrations and inhibiting at high concentrations 
(10 pg/ml of prostaglandin is approximately equal to 2.8 x 
lo- 11 M}. Each point represents the mean± SE for six experiments. 
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E66ect o6 PGE1, PGE2, PGA1, PGA2 and PGF2a on bahetine P~n~ion 
ptLMll uJL e 

b4-

Neither PGEl nor PGE2 caused any alteration in baseline perfusion 

pressure whereas PGAl, PGA2 and PGF2a produced increases in baseline perf-

usion pressure. 

These increases at the highest concentrations tested (10- 7 M) were 

PGAl (+ 4 mm Hg), PGA2 (+ 6 mm Hg), PGF2a (+ 8 mm Hg). Phentolamine added 

to the perfusate did not alter the increase in baseline perfusion pressure. 

This indicated that release of noradrenaline from the nerve endings was not 

responsible for the increase seen. 

E66ect o6 plwl!:tac.yc.Un (PGI2) on noJLadfl.enaUne and po:tahlllum pl!.Ml!OJL 
lLMpOnliM 

Because of its short biological half life each concentration of PGI2 

tested was made up immediately prior to use. Over the concentration range 

1 x Jo-10 M to 10- 8 M PGI2 inhibited noradrenaline pressor responses whereas 

potassium pressor responses were unaffected (Fig. 12). PGJ2, thus had 

actions similar to that of PGEl (Fig. 9). The concentrations of PGI2 

shown in Fig. 12 may be higher than the actual concentration which caused 

an inhibition because of its continual degradation to 6-keto-PGFla in 

aqueous solutions. 6-keto-PGFla itself had no effect on vascular respon-

siveness over a similar concentration range. PGI2 did not alter baseline 

perfusion pressure at any concentration tested. The concentration of PGI2 

depressing noradrenaline pressor responses by 50% was 2 x 10-9 M (determined 

from the Figure shown). 
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Fig. 12. Influence of prostacyclin (PGI2) on noradrenaline and 
potassium responses. Each concentration of PGI2 was 
maintained for at least 15 minutes before the 
concentration was increased. PGI2 inhibited only 
noradrenaline responses. Other conditions were as 
described in Fig. 9 and results. 
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En6eet o6 t~omboxane B2 on no~ena!ine and pota4~ium p~~~o~ 
!t~pOM~ 
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Thromboxane A2 is extremely labile and no stable analogue was avail-

able for use therefore the action of its metabolite TXB2 was examined. 

TXB2 over the concentration range 10-9 to 10-7 M partially inhibited nor-

adrenaline pressor responses. The threshold concentration being approxim

ately 3 x 10- 9 M (Fig. 13) The maximum inhibition seen was approximately 

twenty percent. Increasing the TXB2 concentration to 10- 5 M produced no 

further inhibition. 

TXB2 did not have any apparent effect on potassium pressor responses 

at any concentration tested (maximum concentration tested 10- 5 M, Fig. 73). 

TXB2 unlike PGI2 or 6-keto-PGFla caused a transient increase in baseline 

perfusion pressure however this elevation was not statistically signifi-

cant (Fig. 13). 

PGD2 {lo- 1 3 to 10- 6 M) added to the perfusion reservoir in a cumul-

ative fashion caused no discernable effects on baseline perfusion pressure 

or pressor responses to either noradrenaline or potassium ions (three 

preparations). 

Prostaglandins El, E2, and F2a potentiated angiotensin pressor 

responses whereas both PGI2 and TXB2 caused inhibition {2 preparations each). 

E66ec.t o6 Mac.hldot'Uc. aud an p~~~aJt ~~pan~~ 

Two concentrations of arachidonic acid 10 pg/ml to 1.0 ng/ml inhib-

ited noradrenaline pressor responses by 30 percent (mean 3 experiments) 

whereas higher concentrations SO ng/ml - 800 ng/ml potentiated vascular 



C) 

0 
!.... 
...... 
c: 
0 
u lOO 
1.1-
0 

eN? 90 
Ill 
f1) 

Q) 
80 

"0 
:::l 
...... 

70 
c.. 
~ 
Q) 60 
Ill 
c: 
0 50 a. 
Ill 
Q) 
a: 

() () 

-+ + ------- .... +- -· 

.... ____ _ 

!~= ·~- -; . - . -
-~ . . 

~t - - -~4 -:----- • • • ------ - -
E2 - - - • "' ..:.---- - -

I I I I I I I I I. 
1. 39 

X 
10-9 

2. 77 
X 

lo- 9 

5.55 
X 

10-9 

1. 11 
X 

to-a 

2.22 
X 

J0-8 

4.44 
X 

J0-8 

TXB2 (Thromboxane 82) M 

8.88 
X 

to-a 

1.77 
X 

10-7 
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responses (3 experiments). In contrast potassium pressor responses were 

unaffected by low concentrations of arachidonic acid but were potentiated 

by high concentrations (2 experiments). 

Arachidonic acid did not alter basal perfusion pressure at any 

concentration tested. 

E66e.c.t ot) a long R.a..hung PGE2 analogue. 16,16 cUmethyf PGE2 {16,16 
cUMe.PGE2} 

This analogue of PGE2 is resistant to metabolism by 15-hydroxy pros-

taglandin dehydrogenase and as a result has a prolonged ~n vivo biological 

half 1 ife. lt was tested in the mesenteric vascular bed to evaluate its 

effects relative to those of PGE2. 

E66e.c.t ot) 16,16 cU.Me.PGE2 on no.ll..a.cl.ne.naUne. and pow.oiwn pJLe.MofL 
fL e..o po no eo 

The addition of 16,16 diMePGE2 to the buffer in concentrations ranging 

from Jo-12 to 10- 7 M caused a progressive increase in response amplitude 

to injections of potassium ions (Fig. 14}. When preparations were stimul-

ated with noradrenaline 16,16 diMePGE2 produced a biphasic effect on 

noradrenaline pressor responses. Two concentrations of 16,16 diMePGE2 

(2.6 x Jo-12- 2.6 x Jo-11 M) enhanced noradrenaline pressor responses, 

this effect being stable for up to forty minutes. 

Increasing the concentration of 16,16 diMePGE2 caused a progressive 

inhibition of noradrenaline responses, plateauing at concentrations greater 

than 10- 9 M (Fig. 15). 
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F-i..g.14. Influence of PGE2 (o) and 16,16 dimethyl PGE2 (•) on 
potassium responses in the mesenteric vascu1ar bed. 
As can be seen both prostaglandins potentiate potassium 
pressor responses. Each point represents the mean ± SE, 
n = 5 or 6. 
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F~g. 15, Influence of PGE2 (o} and 16,16 dimethyl PGE2 (e) on 
noradrenaline pressor responses of the mesenteric vascular 
bed. As can be seen 16,16 dimethyl PGE2 had a biphasic 
effect on pressor responses whereas PGE2 had a monophasic, 
concentration dependent effect. The data shown for each 
prostaglandin represents the mean ± SE, n = 6. 
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16,16 diMePGE2 appeared to have a direct effect on the arteriolar 

smooth muscle. Over the concentration range tested (lo-12 to 10-7 M) this 

prostaglandin significantly elevated the baseline perfusion pressure 

(Fig. 16). This effect was not dependent on the release of endogenous 

catecholamine stores, because it persisted in preparations from rats pre-

treated with 6 hydroxydopamine (see Methods). 

E66eet o6 16,16 cUMePGE2 -in low c.a.tuwn bu6i\eJt 

In preparations perfused with low calcium (2 x 10-6 M) 16,16 diMePGE2 

{2.6 x l0- 11 M) potentiated noradrenaline pressor responses within five 

minutes to 240% of control, however, this potentiation was not stable and 

declined with time. At 40 minutes, pressor responses had fallen to 90% 

of control and at 60 minutes was approximately 40% of control~ these values 

are the means of two experiments. In normocalcium buffer no decay of 

16,16 diMePGE2 (2.6 x 10- 11 M) potentiation of noradrenaline pressor responses 

was seen (6 experiments, pressor response 160 ± 28%, M± SE) over a similar 

time span. 

Rev eM al. o fi -indometha.un e.fi fi e.d o 11 no.ltad!t..ena.Une. pe~tfiu.o e.d pJI..epMa.:ti.o 114> 

by hupJLa.phy-6-iolog-i.c.a.t c.onc.en.:tlta.tioM o 6 pJLohta.gla.nd-in4> 

In the previous experiments the effects of low concentrations of 

prostaglandins on vascular reactivity to pressor agents were described. 

For the experiment to be described, the mesenteric artery was cannulated 

and the vascular bed dissected out as described in methods. Preparations 

were equilibrated for 1 hour, and then continuously perfused with buffer 

containing noradrenaline bitartrate (400 ng/ml 1.25 x 10-6 M) and ascorbic 

acid (50 ng/ml, 2.8 x 10- 6 M to prevent the oxidation of the noradrenaline). 
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The noradrenaline increased the basal perfusion pressure; indomethacin 

(8 ~g/ml, 2.2 x 10- 5 M) was added and the perfusion pressure fell to the 

pre-noradrenaline level. 

E66ect o6 PGE2 

Under these conditions stimulation by depolarizing concentrations of 

either potassium chloride (43 mmoles) or calcium chloride (25 mmoles) 

injected intraarterially cannot cause a contraction (Fig. 77). In contrast 

bolus injections of PGE2 produced a rapid increase in pressure as a result 

of contraction of the smooth muscle. The contraction declined to baseline 

in two phases: a fast phase of approximately 1 minute, and a $lower phase 

of approximately 6 minutes (Fig. 18). The amount of.PGE2 injected as a 

lOO ~1 bolus was extremely high (50 ~g, 1.40 x 10- 7 moles) and probably 

accounts for the slow secondary relaxation phase. Normally the total dur-

ation of a pressor response to noradrenalinewas approximately 1 minute 

(see Fig. 29). 

E66ect o6 TXB2 

In a similarly prepared preparation TXB2 injected intraarterially 

caused a rapid contraction which lasted for about 1 minute, with no similar 

slow phase as seen with PGE2 (Fig. 79). The amount of TXB2 injected as a 

100 ~~ bolus was of the same order of magnitude as PGE2 (1.4 x 10- 7 moles). 

Injection of PGI2 (1.4 x 10- 7 moles) into the arterial cannula of a 

similarly prepared preparation caused a biphasic contraction (Fig. 20). 

An initial fast contraction, followed by a slower contraction (Fig. 78). 

Thus PGI2 was distinctly different in its effect. 
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F~g. 17. Response of the mesenteric vascular bed perfused with noradrenaline and 
indomethacin to bolus intra-arterial injections of potassium or calcium 
ions. Note that only the injection artifac~ is seen with no detectable 
contraction of the vascular smooth muscle. See results for further 
details. Each division of the vertical scale represents 10 mm Hg (1 mm 
Hg = 133.3 Pascals). Horizontal bar represents 1 minute. 
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PGE2 

F~g. 18. Pressor response of vascular bed to bolus intra-arterial injection 
of PGE2. Conditions as in Fig. 17. Each division of the vertical 
scale equals 10 mm Hg (1 mm Hg = 133.3 pascals). Horizontal bar 
represents 1 minute. 
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F~g. 79. Pressor response of vascular bed to 
1
bolus intra-arterial injection of TxB2. Conditions as in Fig. 17. Each division of the vertical scale equals 10 mm Hg (1 mm Hg = 133.3 pascals). Horizontal bar represents 1 minute. 
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Fig. 20. Pressor response of vascular bed to bolus intra-arterial injection 
of prostacyclin (PGI2). Conditions as in Fig. 17. Each division 
of the vertical scale equals 10 mm Hg (1 mm Hg = 133.3 pascals). 
Horizontal bar represents 1 minute. 



Et)6e.c.t on J.JupJUtphy.o-<.otog-<.c.at conce.n:tJLa:Uol'lll o0 pJtoJ.J.tagl..a.ncU.I'lll -<.n 
bu66e.Jt pe.Jt611-6e.d pJte.paJr..a.t).on-6 

lt was now established that prostaglandins PGE2, PGI2 and TXB2 

produced different effects on vascular responses in preparations perfused 

simultaneously with indomethacin and noradrenaline. lt was therefore of 

interest to repeat this experiment using normal preparations. The objective 

being to separate the modulatory effect on noradrenaline actions from the 

direct contractile actions of the prostaglandins. 

Prostaglandins were injected into the arterial cannula of buffer 

perfused preparations and their direct pressor effects recorded. Prosta-

glandins El and E2 both contracted the blood vessels however the con-

traction had a duration of 2 minutes (Fig. Z7) and that of PGEl was approx-

imately 1.5 minutes (Fig. ZZ). TXB2 the stable breakdown product of 

TXA2 caused a pressor response similar in time course to that of PGEI 

(duration minute, Fig. 23). PGI2 produced a distinctive pressor effect, 

the total duration of the contraction was the longest measured,approximately 

3 minutes (Fig. 24). The shape of the PGI2 contraction was unique~ a fast 

phase followed by a brief decay, then a slower contraction~ 6-keto-PGFia 

the spontaneous breakdown product of PGI2 did not cause a contraction re-

sembling that of PGI2 {Fig. 25). The contraction caused by 6-keto-PGFla 

had a duration of~ 2 minutes and an amplitude smaller than that of PGI2. 

PGF2a on the other hand produced a fast contraction which decayed slowly 

back to baseline, the total duration of the contraction was~ 3 minutes 

(Fig. 26). The PGF2a contraction was similar to the slow phase of the PGI2 

contraction. PGD2 caused a weak contraction with the shortest duration 

recorded,approximately 20 seconds (Fig. 27). 
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PGE2 

Fig. Z1. Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of PGE2 (a 2.8 x 10- 7 ~' b 2.8 x 
lo-7 m, c 5.6 x lo-7 M). The horizontal bar represents 1-minute 
and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). Concentrations 
given in same order as responses shown in Figure. 
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Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of PGEl (a 2.8 x 10- 7 "'' b 
5.6 x 10- 7 ~. c 2.8 x lo- 7 ~). The horizontal bar represents 
1 minute and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). 
Concentrations given in same order as responses shown in Figure. 
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TxB2 

Fig. 23. 

- ·----

Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of TxB2 (a 5.6 x Jo-7 , b 
2.8 x 10- 7 , c 2.8 x Jo- 7 · ). The horizontal bar represents 
I minute and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). 
Concentrations given in same order as responses shown in Figure. 
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Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of PGI2 {a 2.5 x Jo-a ~, b 
s.o x Jo-a ~. c 5.0 x lo-a~). The horizontal bar represents 
1 minute and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). 
Concentrations given in same order as responses shown in Figure. 
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6-keto-PGFla 

Fig. Z 5. Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of 6-keto-PGFla (a 2.8 x lo- 7 ~. 
b 2.8 x lo- 7 M,£ 5.6 x 10-7 ~). The horizontal bar represents 
T minute and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). 
Concentrations given in same order as responses shown in Figure. 
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PGF2a 

Fig. 26. Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of PGF2a a 2.8 x 10-7 m, b 
5.6 X 10- 7 m, c 5.6 X 10- 7 ~). The horizontal bar represents 1 
minute and the-vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). Con
centrations given in same order as responses shown in Figure. 
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F~g. 27. Contraction of a buffer perfused rat mesenteric vascular bed by 
bolus intra-arterial injections of PGD2 (a 2.8 x 10- 7 ~. b 
5.6 x 10- 7 ~. c 1.12 x 10-7 ~). The horizontal bar represents 
1 minute and the vertical bar 30 mm Hg (1 mm Hg = 133.3 Pa). 
Concentrations given in same order as responses shown in Figure. 
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DISCUSSION 

Of the eight primary prostaglandins tested only PGAl, PGA2 and 

PGF2a had any direct contractile effect on the vasculature. Each prosta

glandin had a distinct and unique effect on vascular reactivity if res

ponses to both noradrenaline and potassium ions are considered. 

PGEl had a biphasic effect, low concentrations potentiating nora

drenaline pressor responses and higher concentrations being inhibitory. 

A toxic effect of the high concentrations of PGEl can be ruled out because 

potassium pressor responses were not similarly inhibited {Fig. 9). Indeed 

similar biphasic effects of prostaglandins on vascular reactivity have 

been previously described in the cat spleen (PGE2, Hedqv~t and ~udin 

7969) as have their direct biphasic contractile effects on the dog mesen

tery (PG(S) AI, A2, El, Fla, Stnong and Bohn 1967), human umbilical artery 

(PGI2, Pom~antz et at 7977), rat coronary vascular bed (PGI2, Kanmazyn et 

at 7978) and guinea pig coronary vascularture {PGI2, Vu~ting et al 7977). 

PGE2 potentiated vascular responses to both noradrenaline and 

potassium to approximately the same degree {Fig. 10), as did PGA!, and 

PGF2a. In contrast PGA2 had a biphasic effect on noradrenaline responses, 

low concentrations of PGA2 potentiated and high concentrations inhibited 

contractility. Thus PGA2 actions at first glance appeared to be similar 

to those of PGEJ; upon examining its effects on potassium responses it~s 

clear that they are different. PGA2 potentiated potassium responses 

whereas PGEI had no effect. In addition PGA2 directly increased smooth 

muscle tone, a property neither PGEl nor PGE2 possessed. 



The mechanism(s) whereby PGE2, PGAl, PGF2a and low concentrations of 

PGEI and PGA2 potentiate noradrenaline responses is not presently known. 

Some possibilities are: 1. the prostaglandins increase the sensitivity of 

the contractile proteins; 2. prostaglandins increase the availability 

of calcium to the contractile proteins; 3. prostaglandins inhibit the 

neuronal uptake and termination of noradrenaline action 4. prostaglandins 

alter the events of excitation contraction coupling. 

Points No. 1 and 2 can be dispensed with because PGEl at concentra-

tions which potentiated noradrenaline responses had no effect on potassium 

responses nor did it increase vascular tone. Any sensitization of the 

contractile proteins should have resulted in the simultaneous facilitation 

of pressor responses to both stimuli. If the cytosolic calcium concentration 

increased it would be expected that vascular tone should be increased; 

this was not seen. In contrast PGA2 (low concentrations) potentiated nora-

drenaline and potassium pressor responses as did PGE2, PGF2a and PGAl, yet 

only three of these WGAl, PGA2 and PGF2a) increased vascular tone. The 

data obtained with PGA2 showed that concentrations which inhibited noradren-

aline responses~had a significant stimulatory effect on the vasculature 

increasing the basal perfusion pressure. In contrast PGEl at concentrations 

causing maximal inhibition of noradrenaline responses had no direct stimul-

atory effect on the vasculature. Again these contrasting data argue against 

any simple blockade of calcium uptake or action at a single site. 

In considering point No. 3, recall that potassium pressor responses 

do not depend on the release of noradrenaline from endogenous vascular stores 

(Fig. 8). The demonstration of prostaglandin potentiation of potassium 

responses was then independent of any possible alteration in catecholamine 

release, uptake or inactivation. While studies were not conducted by 
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us using specific catecholamine uptake blockers, other researchers have 

addressed this question. Two groups, Coupan and McLennan (1978) and M~k 

et at (1976) reported experiments using the rat isolated perfused mesent

eric vascular bed. Both groups reported that prostaglandins potentiated 

noradrenaline (exogenous) responses in the presence of an uptake blocker 

(cocaine). The concentration of cocaine used had already maximally 

potentiated noradrenaline responses, further increases in its concentration 

did not have any additional effect, prostaglandins (PGEl, PGE2, PGAl added 

to the perfusate still enhanced vascular responses. In addition Caupat 

and McLennan (1978) ruled out any alteration of the a adrenoceptor as the 

prostaglandin mechanism of action. They utilized the competitive antagonist 

phentolamine and examined the effects of prostaglandins {PGAl, PGE2} on 

affinity of the antagonist for the a adrenoceptor, no effect of the pros

taglandins was detected. Indeed our demonstration that angiotensin I I 

responses werepotentiated by both PGE2 and PGF2a support their findings 

for lack of involvement of the a adrenoceptor and adrenaline metabolism. 

Thus point No. i appears to be untenable as an explanation. 

The remaining hypothesis is that prostaglandins alter the events 

of excitation contraction coupling. The demonstration here that these 

substances exhibit differential actions on vascular responses with the 

same prostaglandin having opposite effects on contractions to either 

potassium or noradrenaline supports this view. Similar conclusions have 

been made by Na~hov~ (1968),MatLk et at (1976),Manku and Ho~ob~n (1976), 

Coup~ and MeLennan (1978) as a result of their work in the rat vasculature. 

More recently H~an et at (1978) using canine isolated veins demonstrated 

that PGI2 inhibited the amplitude but not the frequency of contractions 
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(spontaneously contracting mesenteric veins), as well as noradrenaline 

contractions. In contrast no inhibition was seen when the preparation 

was contracted by electrical depolarization. This group also concluded 

that PGI2 was altering some event of excitation-contraction coupling. 

From the data presented here showing that PGI2 and PGEl inhibited nor-

adrenaline but not potassium responses it is possible to theorize that 

both compounds inhibited the release of intracellular calcium. Because 

noradrenaline mobilizes primarily loosely membrane bound and intracellular 

calcium (Hinke Z965; Jhamandas and Nash Z96?; Hudgins and Weiss Z968) 

such an effect would prevent its action. Depolarizing stimuli on the 

other hand uti! ize extracellular calcium primarily. The muscle will 

contract when the plasma membrane is depolarized because it then becomes 

permeable to calcium, which then diffuses down its concentration gradient 

into the cytosol. The calcium ions can then interact with the contractile 

proteins resulting in tension development. 

One of the perennial suggestions in smooth muscle research is that 

increases in intracellular cAMP levels inhibit vascular responsiveness 

(Gotdberg et al l973; Lee et al l972; Anderson l9?2),by increasing 

the uptake and binding of calcium by the intracellular organelles. While 

there exists some debate concerning this it now appears that this position 

is untenable. In several smooth muscle preparations (vascular and non 

vascular) no correlation between relaxation of, or inhibition of muscle 

contraction and cyclic AMP levels could be demonstrated (rat uterus, 

Diamond and Hartle Z974; rat myometrium, Diamond and Hotmes l975; rabbit 

portal vein, Cotlins and Butter l9?5; guinea pig taenia coli and canine 

small intestine, Inatomi et al Z9?5; dog carotid media strip, Herlihy 

et al l9?6; rabbit ileum, Ally l9?6). Similarly no effect of cyclic AMP on 

aortic microsome binding and uptake of calcium could be demonstrated by 



either AZZen (Z9?7) or CZyman et aZ (Z9?6). In other studies examining 

the role of cyclic AMP in mesenteric vasodilation, Shepherd et aZ (Z9?6) 

found that the dilation seen was caused by metabol ites of cyclic AMP not 

the cyclic nucleotide itself. Recently Schror et aZ (Z9?9) reported that 

PGI2 decreased cyclic AMP levels in hearts and strips of coronary vessels, 

even though this prostaglandin decreased coronary perfusion pressure (as 

a result of vasodilation) and relaxed the smooth muscle strips. They 

concluded that PGI2 relaxation was independent of any alterations in cyclic 

AMP levels. 

In a recent study (Kahn and Brachet Z9?9) in which the effects of 

prostaglandins (PGEI, PGE2, PGF2, PGAl, and PGFI) on cyclic AMP levels 

were measured in the rat mesenteric artery, no changes in cyclic AMP 

levels were seen with concentrations up to 200 ng/ml (> 10- 7M). Higher 

concentrations (> 10-6 M) of all the prostaglandins tested significantly 

increased cyclic AMP levels (Kahn and Brachet Z9?9). 

Of those PGs tested by Kahn and Brachet (Z979) only PGEI and PGA2 

have been shown to inhibit noradrenaline pressor responses (see results) 

but at concentrations below the threshold for increasing cyclic AMP levels. 

Those prostaglandins which potentiated mesenteric vascular pressor responses 

also increased cyclic AMP levels. These data provide evidence against 

the hypothesis that increases in cyclic AMP mediated prostaglandin 

inhibition of mesenteric vascular responses. 

In preparations perfused with calcium free buffer pressor responses 

to noradrenaline remain stable for a considerable period of time (see 

results) while superfusion of the intact rat mesenteric vasculature with 

calcium free solution (10 mM EDTA) failed to significantly attenuate 
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arteriolar constriction induced by noradrenaline or adrenaline (AltUPa l9?8). 

These data indicate that noradrenaline contractions in the mesentery are 

independent of extracellular calcium. 

16,16 diMePGE2 (2.6 x l0- 11 M) potentiated noradrenaline responses 

in preparations perfused with calcium free buffer however the potentiation 

was not stable. This might be explained by the findings of Deth and Van 

Breeman (l9?4). These researchers identified two different stores of 

intracellular calcium, one subserving activation and the other constriction. 

They also discovered that the activator calcium stores could not be re

plenished by the stores which functioned as uptake sinks during relaxation. 

lt is therefore possible that 16,16 diMePGE2 facilitated the release of 

calcium ions from the activator stores and facilitated the resequestra-

tion and/or extrusion of calcium while simultaneously preventing the re

plenishment of the activator stores from the low concentration of calcium 

(10- 6 M) present in the calcium free buffer; in normocalcium buffer higher 

concentrations of 16,16 diMePGE2 increased vascular tone suggesting an 

increase in cytosol ic calcium, perhaps from the ECF. These concentrations 

potentiated potassium pressor responses while inhibiting noradrenaline 

contractions. 

lt would appear that at least three sites involved in cellular 

calcium homeostasis are affected by the prostaglandins and perhaps each 

prostaglandins affect these sites differently resulting in the observed 

different actions in this preparation. The definitive proof for this 

mechanism of action will have to await further advances and availability 

of sensitive techniques to follow subtle changes in calcium levels within 

these small smooth muscle cells. 
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In terms of prostaglandin actions in this preparation there is some 

disparity between the data presented here and that of Coupar and MaLennan 

(l9?8). They reported that PGE2 had no effect on noradrenaline responses 

whereas the present data and that of Malik et al (l976) and Kondo et al 

(Z9?9) showed that it did. This is most 1 ikely the result of differences 

in methodology and buffer composition. Coupar and MaLennan (l9?8) used 

a buffer much closer in composition to that originally described by Krebs

Henseleit (l932) whereas that used in the present work is a modified 

buffer made by substituting MgC12 for the MGS04 and lowering the glucose 

concentration from 10 mM to 5.5 mM while increasing the NaCl to compensate. 

Also all the experiments reported here were done at 30°C instead of 37°C, 

because at the lower temperature the responses to both exogenous nor

adrenaline and periarterial nerve stimulation remained stable for up to 

10 hours. At the higher temperature responses to periarterial nerve 

stimulation decayed or became erratic within 4 hours. Perhaps the major 

difference which prevented this group from seeing any effect of PGE2 was 

their flotation of the preparation in its own effluent, with periodic 

washes with fresh buffer. Their preparations (from rats average weight 

310 g) were as a result exposed to PGE2 levels ranging from 60-200 pg/ml 

(Fig. 43, 300 g rat). lt is possible that they were already working 

against a background of PGE2 stimulation of vascular reactivity. In 

addition the noradrenaline added cumulatively to the perfusate would 

simultaneously increase prostaglandin levels (see Table 2). Theirprepara

tions were thus also immersed in effluent containing noradrenaline and 

this could also increase the release of prostaglandins from the vascula

ture and attendant tissues (e.g. mesenteric fat) further compounding the 

situation. Their ability to demonstrate potentiation with PGA! can be 



explained by the fact that it is the product of acid hydrolysis of PGEl 

and would not normally be in the effluent. 

Our preparations were suspended in a thermostatted water jacket and 

the effluent flowed directly into a drain, both MaZik et aZ (Z970) and 

Kondo et aZ (l979) have used similar systems. These groups have reported 

that PGE2 potentiated noradrenaline responses, which agrees with the 

present results. 

While the effects of TXB2 on rat mesenteric vascular responses have 

not been previously reported, it has been shown to potentiate noradrenaline 

responses in the rat spleen (Malik l978) and to constrict the canine pul-

monary vascular bed (Wasserman and Griffin Z9?7). In the rat mesenteric 

vascular bed, TXB2 was a weak inhibitor of noradrenaline pressor responses 

with no effect on potassium responses. 

TXA2 (from aggregating platelets), the parent compound of TXB2, 

constricted the mesenteric vasculature (two experiments). This data is 

in agreement with the findings of Needleman et al (Z9??) and Tuvemo (l978) 

that TXA2 constricts all blood vessels. 

The experiments shown in Figures 9-Z3 indicate that vascular 

reactivity can be preferentially modified by either PGEl, PGE2, PGA!, PGA2, 

PGF2a or PGI2. The inactivity of PGD2 and the poor efficacy of TXB2 show 

that not all the metabol ites of arachidonic acid will exert a physiological 

effect. Arachidonic acid itself infused into the mesenteric vasculature 

in concentrations above 50 ng/ml potentiated noradrenaline and potassium 

pressor response. No changes in baseline perfusion were seen. This 

suggested that the levels of PGI2 synthesized by the endothelial cells 

in the presence of excess arachidonic acid was insufficient to inhibit 
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noradrenaline responses. The effect seen is compatible with the view that 

the prostaglandin responsible was either PGE2, a mixture of PGE2 and PGF2, 

or an unidentified metabolite of arachidonic acid. The stability of the 

baseline was indicative of low PGF2a concentrations because as noted in 

results, PGF2a raised baseline perfusion pressure. The precursor of the 

1 series prostaglandins, dihomogammalinolenic acid has been shown to have 

an effect similar to that of PGEI (Manku et aZ Z979). Thus the precursor 

fatty acids yield results compatible with the view that conversion to an 

active metabol ite was responsible for their biological actions. Indeed 

this has been shown to be the case for arachidonic acid in the perfused 

mesenteric and femoral beds of the dog (Dusting et aZ Z978). In this 

study sodium 1 inoleate was inactive, indicating that the effect seen was 

specific for the cylooxygenase substrate. 

Recently MaZik (l978) reported that in another rat vascular bed 

(splenic) PGEI, PGE2 and arachidonic acid inhibited noradrenaline responses 

(contraction) whereas both PGF2a and TXB2 potentiated these responses. 

Thus within the same specie PGEl and PGE2 have opposite effects in the 

mesenteric and splenic vasculature. In contrast PGF2a potentiated nor

adrenaline responses in the splenic vasculature as it did in the mesenteric 

vascular bed. 

This type of data and the dose response curves presented here 

indicate that protaglandins differentially modulate vascular reactivity. 

lt is apparent that either the prostaglandin receptors for PGEl and PGE2 

are different in the splenic and mesenteric vasculature or that interaction 

of prostaglandins with similar receptors in both types of vascular muscle 

resulted in the activation of different intracellular processes. 
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In receptor binding studies Siegl et al (l979} reported that the 

PGI2 receptor in human platelets did not bind other prostaglandins to any 

significant degree. They tested seven prostaglandins (PGI2, PGEl, PGE2, 

PGD2, PGFla, 6 keto PGFla and PGF2a) for their ability to cross react 

with the PGI2 receptor, and found that PGEI exhibited the greatest cross 

reactivity (5%). The PGI2 metabolite 6 keto PGFla (1-100 ~M) was devoid 

of any affinity for the PGI2 receptor while the other prostaglandins 

exhibited < 0.3% cross reactivity. In another binding study using platelets 

Shafer et al (l978) reported that either PGEl, PGI2 or PGE2 could displace 

radiolabelled PGEl from its platelet receptor. In vascular smooth muscle 

(splenic vasculature) Malik (l979) showed that either PGF2a or TXB2 

antagonized PGE2 inhibition of noradrenaline responses. Using the perfused 

rat mesenteric vascular bed Manku et al (Z97?) found that PGEI antagonized 

PGE2 facilitation of noradrenaline responses. Later Ally et aZ (Z977) 

reported that low concentrations of PGEl antagonized PGI2 actions in the 

rat mesentery whereas Manku et al (l978) found that higher concentrations 

of PGEl potentiated PGI2 actions. Thus depending on the prostaglandin 

present and its concentration, the action of the prostaglandin added may 

be enhanced or attenuated. The primary determinant will be their relative 

affinities for the available receptors. 

Additional support for the view that the rat mesenteric vasculature 

has several types of prostaglandin receptors was provided by data obtained 

using 16,16 diMePGE2. This analogue of PGE2 had a spectrum of activity 

different from that of its parent compound. To reconcile these findings, 

it is necessary to accept the suggestion that the two dimethyl groups 

altered the specificity thus allowing binding to, and activation of 
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PGE2, PGEl and PGF2~receptors. This interpretation is consistent with 

the observed data, showing that 16,16 dimethyl PGE2 potentiated potassium 

pressor responses in a manner similar to PGE2 and PGF2a;inhibited nor

adrenaline responses 1 ike PGEI and elevated the basal perfusion pressure, 

an action similar to that of PGF2. Recent data from Gryglewski and 

NieoZaou (Z979) showed that a prostacycl in analogue, 6,9 thiaprostacyclin 

combined the properties of PGI2, TXA2 and PGE2 (or PGF2). Again the 

specificity for the receptors had been altered by the molecular changes 

which stabilized the prostaglandin. Other data indicat~ng the existence 

of different types of prostaglandin receptors have been provided by 

Pfaffman and Chu-Sun (Z9?9). They reported that PGFia and PGEl potentiated 

phenylephrine contractions of rabbit aorta; however, if the preparation 

was exposed to high concentrations of phenylephrine, PGFia caused a 

further contraction whereas PGEI was inactive. Again this data is compatible 

with the view that the prostaglandins were acting at different sites. 

Pfaffman and Chu-Sun (Z9?9) suggested that the lack of effect of PGEl in 

the presence of high phenylephrine could be a result of desensitization 

of the receptor. The data presented here (Figs. 2Z~ 22~ 23~ 24~ 25) show 

that desensitization had not developed as a result of repeated exposure 

to high concentrations of prostaglandins (PGE2, PGEl, TXB2 or 6-keto-PGFla). 

Therefore, it is highly possible that a prostaglandin synthesized by the 

vessels in response to the high phenylephrine had already activated the 

PGEl receptor, as a result the added exogenous PGEI had no discernible 

effect. 

The idea that different prostaglandin receptors exist had been 

suggested by Bennet (Z974) and more recently re-emphasized by Langs et aZ 

(Z9??). Using radiolabelled prostaglandins Johnson et aZ (Z9?4} 



demonstrated that uterine contraction was correlated with PGEl binding 

while Lefk.owitz et al. (l-97?) imp! icated purine nucleotides in the regula-

tion of these receptors. The importance of uterine disulphide and 

sulphydryl groups for prostaglandin action and binding was stressed by 

Johnson et al. (l-9?4) while Rao (Z.9?5) demonstrated the requirement for 

positively charged ions for PGF2abinding to corpus luteum sites. Utilizing 

subcellular fraction of the corpus luteum MitPa and Rao (l9?8) have 

demonstrated specific prostaglandin binding sites on the rough endoplasmic 

reticulum and Golgi fractions in addition to the plasma membrane. Similar 

data has been reported by Dyer et al (l9?9) in vascular smooth muscle 

(aorta, vena cava). Thus specific prostaglandin binding sites are not 

restricted to the plasma membrane. This suggests that endogenously 

synthesized prostaglandins can perhaps exert profound effects by inter-

-· acting with similar intracellular receptors. 

One aspect of prostaglandin action, rarely mentioned in smooth 

muscle studies, is their ability to cause contractions in preparations 

simultaneously treated with indomethacin and noradrenaline. As shown 

above (Fig. Z?) depolarizing stimuli were unable to cause contractions in 

preparations prepared as described earlier. Prostaglandins injected as a 

bolus, singly or in combination, did cause a contraction (Fig. lB, l9, 20). 

This cannot be explained by an ionophore-like or depolarizing action 

of the prostaglandin(s), because neither high KCI nor CaC12 concentrations 

contracted the smooth muscle. These data underscore the essential 

requirement for the presence of a single or several prostaglandins for 

the activation of the excitation-contraction coup! ing mechanism or the 

activation of the contractile proteins. This does not mean that the 

prostaglandin must cross the plasma membrane since activation of a plasma 
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membrane receptor could bring about changes intracellularly. 

One possible explanation for the necessity for the prostaglandin(s) 

is that a prostaglandin and calcium must bind simultaneously at 

complimentary sites. These sites do not necessarily 1 ie adjacent to 

each other, however the rapid onset of contraction (Figs. 3~ Z8~ ZB, 20) 

upon the injection of prostaglandin suggests that the prostaglandin site 

might be on the plasma membrane, though it does not prove it. 

lt has been shown by us and several other researchers that tow 

concentrations (nanogram/m! range) of prostaglandins can reverse indo

methacin inhibition of mesenteric vascular reactivity (Malik and McGiff 

l976; Manku and Horrobin l976; Ally et al l977; Coupar and McLennan l978; 

Kondo et al l979). When prostaglandin biosynthesis was blocked by a 

cyclooxygenase inhibitor, pressor agents could trigger a contraction only 

if exogenous prostaglandins were present inthe buffer,with the amplitude 

of the contraction being dependent on the concentration of prostaglandin 

added to the perfusate (Manku and Horrobin Z976; Coupar and McLennan Z9?8). 

This argues in favour of some role of prostaglandins (modulatory) in 

vascular reactivity. Any argument that the concentrations of indomethacin 

used prevented calcium uptake has been elegantly nullified by the findings 

of Northover (Z968). This researcher reported that neither indomethacin 

(100 ~g/ml, 2.4 x 10-4 M) nor flufenamate (both cyclooxygenase inhibitors} 

inhibited the uptake of calcium by the rat anterior mesenteric artery; 

in contrast amenthocaine HCI and cinchocaine HCl (local anaesthetics, 

membrane stabilizers) did prevent the uptake of calcium. 

In the absence of noradrenaline and indomethacin high concentrations 

of prostaglandins can contract the mesenteric vasculature (Figs. 2Z-27). 



lt is unlikely that such high concentrations normally occur in the 

milieu surrounding the vessels. These data do show that given a patholo-

gical state or traumatic condition(perhaps with some stasis of the blood), 

accumulating prostaglandins including PGI2 can cause vascular spasm. 

Of particular interest was the demonstration that PGI2 caused a contraction 

of the longest duration. This finding becomes more important given the 

fact that PGI2 is the major prostaglandin synthesized by vascular smooth 

muscle. A similar contractile action of PGI2 has been shown by Pomerantz 

et al (Z9??) on human umbilical artery, which apparently lacks any 

sympathetic innervation. These researchers also reported that PGI2 in-

creased the perfusion pressure of segments of the umbilical artery. In 

the rat coronary vascular bed Karamazyn et al (Z9?8) showed that low 

concentrations of PGI2 (< 10- 10M) constricted the vasculature; similar 

findings have been reported by Dusting et al (Z9??) in the guinea pig 

heart. 

Thus depending on the vascular bed either a high affinity PG12 

receptor can cause constriction (Dusting et al Z9??; Karmazyn et aZ Z9?8) 

or a low affinity PGI2 receptor can cause constriction (present study and 

Pomerantz et aZ Z9?7). lt should not be forgotten that all the prosta-

glandins tested (PGE2, PGEl, TXB2, PGI2, 6 keto PGFla, PGF2a and PGD2) 

contracted the vasculature though not to the same extent (Figs. 2l-27). 

This might indicate that at high concentrations they all activate a common 

receptor. The duration and shape of contractions suggest otherwise.As a re-

suit of the 1 imited avai labi 1 ity of the prostaglandins only 2 experiments 

each were done,thus statistical analysis of the contraction duration was 

not possible. 
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Effect of Nonsteroidal Anti-inflammatory Agents on Vascular Reactivity 

These experiments were designed to explore the contribution of 

endogenous prostaglandin biosynthesis to vascular responses to pressor 

agents which recruit calcium primarily from either extracellular, membrane 

bound or intracellular stores. 

Effect of indomethacin on noradrenaline pressor responses 

Infusion of indomethacin (a prostaglandin cyclooxygenase inhibitor) 

did not alter basal perfusion pressure, but inhibited noradrenaline 

pressor responses. This inhibitory action of indomethacin was concen-

tration dependent yielding a 1 inear concentration response 1 ine (Fig.l8). 

The threshold concentration for inhibition was 1 \lg/ml (2.8 x 10-6 M), the 

concentration producing 50% inhibition (IC50) was 8.0 \lg/ml (2.2 x I0- 5M) 

and the maximum inhibition at 64 \lg/ml (1.9 x 10-4 M) indomethacin 

respectively. In two experiments angiotensin 11 pressor responses were 

inhibited by indomethacin (ICSO -s 2. 2 X 10 M) . 

Effect of indomethacin on pressor responses to depolarizing stimuli 

Indomethacin in three experiments inhibited responses to both 

potassium and calcium ions over a similar concentration range as shown 

in Figure 28. The IC50 concentrations were within+ 20% of that for 

noradrenaline pressor responses (range 6 to 10 llg/ml; 1 .7 x 10-s to 

-s 2.8 x 10 M). The maximal concentration of indomethacin abolishing 

pressor responses did not differ (64 \19/ml, 1.9 x 10-4 M) for both pressor 

agents. 
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concentrations of indomethacin in the perfusate. Before the 
addition of indomethacin, four injections of noradrenaline were made 
and the mean taken as 100%. Responses in the presence of indome
thacin were expressed as percentages of this mean. Each point 
shown represents the mean ± SE , n = 6. 
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Effect of thromboxane A2 synthetase inhibitors on vascular reactivity 

The thromboxane synthetase inhibitor imidazole inhibited both 

noradrenaline and angiotensin I I pressor responses (imidazole, IC50 5.7 

x 10-4 M). Imidazole in concentrations up to 2 x 10-3 M did not inhibit 

potassium pressor responses (two experiments). 

In preparations perfused with indomethacin (50 ~g/ml, 1.4 x 10-4 M) 

and with vascular reactivity restored by PGE2 (5 ng/ml, 1.4 x 10- 8 M), 

imidazole did not inhibit noradrenaline pressor responses. 

Imidazole analogues with substituents in positions other than the 

1-position displayed lower potency as inhibitors of thromboxane A2 synthe-

tase (Tai and Juan Z9?8). One of the more potent analogues described was 

]-benzyl imidazole. In the perfused mesenteric vascular preparation 1-

benzyl imidazole was indeed more potent than imidazole and exhibited the 

same characteristics as imidazole (specific inhibition of noradrenaline 

pressor responses), whereas 2-methyl imidazole and imidazole-4 acetic 

acid were inactive. 

Effeat of Z-benzyZ imidazole and niaotinic acid on vascular reactivity 

1-benzyl imidazole (0.95 x 10- 6 M to 1.5 x 10-5 M) inhibited 

noradrenaline pressor responses. Over this same concentration range 

potassium pressor responses were unchanged (Figs. 29~ 30). In two 

preparations blocked by indomethacin (50 ~g/ml, 1.4 x 10-4 M) and vascular 

reactivity restored by PGE2 (5 ng/ml, 1.4 x 10- 8 M), 1-benzyl imidazole 

was not inhibitory. As can be seen in Figure 29 no significant alteration 

in baseline perfusion pressure was caused by 1-benzyl imidazole. Complete 
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F~g. 29. Effects of !-benzyl imidazole on pressor responses. Recording was 
made with the mesenteric preparation. Upper figure: pressor 
response to a fixed bolus injection of potassium ions, !-benzyl 
imidazole did not inhibit potassium responses. Lower figure: 
pressor response to a fixed bolus injection of noradrenaline, 
!-benzyl imidazole inhibited these responses in a concentration 
dependent manner. Note that no changes in basal perfusion pressure 
were seen (150 ng/ml = 9.5 x lo- 7 M). 
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concentration response curves for !-benzyl imidazole effects on pressor 

responses are shown in Figure 30. 

In other experiments using nicotinic acid (another thromboxane A2 

synthetase inhibitor) a profile of inhibitory actions similar to that of 

imidazole and !-benzyl imidazole was seen. Nicotinic acid preferentially 

inhibited noradrenaline pressor responses; potassium pressor responses 

were inhibited by approximately 20% by a concentration of nicotinic 

acid (2.4 x 10-4 M) which abolished noradrenaline responses (Fig. 3l). 

In three preparations perfused with indomethacin (1 .9 x 10-4 M) plus 

PGE2 (1 .4 x 10- 8 M), nicotinic acid did not inhibit vascular pressor 

responses upon stimulation with noradrenaline. 

Summary 

These data indicate that cyclooxygenase and thromboxane A2 syn-

thetase inhibitors can inhibit vascular responsiveness. Thus endogenous 

prostaglandin biosynthesis and/or action appears necessary for vascular 

responsiveness to noradrenaline, angiotensin I I and potassium ions. 

Further support for this would be the ability to demonstrate a temporal 

relationship between changes in prostaglandin synthesis and pressor 

responses. These data are presented in the next section. 
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DISCUSSION 

In 1968 Northover reported that indomethacin can inhibit the 

effects of all pressor agents tested in the isolated perfused rat 

mesenteric vascular bed. Subsequent papers from this laboratory 

(Northover Z9?l~ Z9?2) explored the mechanism of this inhibition. 

Northover (Z968) suggested that indomethacin directly affected calcium 

movements; however, in the mesenteric artery he found that high concen-

trations of indomethacin (lOO ~g/ml) did not inhibit calcium uptake. 

He concluded that indomethacin affected calcium interaction with or its 

activation of the contractile proteins. 

As shown in Figure 28, indomethacin inhibited'vascular responsive-

ness in a log linear concentration dependent manner. Manku and Horrobin 

(Z9?6) have shown that indomethacin inhibited vascular responses to 

injected angiotensin, vasopressin, histamine, serotonin, calcium ions 

and potassium ions. As found here a detectable inhibition by indomethacin 

was seen at ~g/ml (2.8 x 10- 6 M) while abolition was complete at con-

centrations greater than 64 ~g/ml (1 .9 x 10-4 M). 

lt is possible that the effects of high concentrations of 

indomethacin were independent of its inhibitory effect on the cyclo-

oxygenase. However, in preparations which had previously been inhibited 

by aspirin or mefenamic acid and vascular reactivity restored with PGE2, 

indomethacin (1.9 x 10- 4 M) had no further inhibitory effect. If 

indomethacin action had been non specific, i.e. unrelated to prostaglandin 

biosynthesis, some inhibition should have been present (Manku and Horrobin 

Z9?6) . 

D 
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The effects of indomethacin can be specifically reversed by the 

addition of either PGE2 or PGF2a to the perfusate (Manku and Horrobin 

Z976; Coupar and McLennan Z978; and previous section this thesis). 

As shown earlier the effects of various prostaglandins .:-n vascular 

reactivity to different stimuli are complex. Indomethacin when perfused 

through the vasculature inhibits all prostaglandin biosynthesis (Flower 

l974). lt is becoming apparent that the concentrations of indomethacin 

and other agents normally used, while inhibiting stimulated prostaglandin 

biosynthesis, do not inhibit basal prostaglandin biosynthesis (Hood and 

Vincent l978; Scherer et al l978; Pace-Asciak et al l978). Thus while 

different stimuli may require the presence of a particular prostaglandin, 

indomethacin at high concentrations abolished the synthesis of all prosta-

glandins by eliminating the availability of the endoperoxides PGG and PGH. 

One other problem in interpreting data with indomethacin is that 

cyclooxygenases from different tissues exhibit differential susceptibility 

to inhibition. An example of this is that the IC50 of indomethacin in 

plate1etswas0.17 ]JM(Smith and Willis l97l) while that in aortic micro

somes was 2.77 x 10 3 )JM (Gryglewski et al l976; see Table 2 and 3 for a 

range of ICSO's in different tissues). 

Manku and Horrobin (l976) and Coupar and McLennan (l978) have shown 

that the amount of prostaglandin needed to reverse indomethacin inhibition 

of mesenteric vascular reactivity appears to be positively correlated with 

the concentration of indomethacin used, higher prostaglandin concentrations 

being required when higher concentrations of indomethacin were used. 

Granted that in this vascular bed low concentrations of exogenous 

PGs (10- 14 - 10- 12 ) have an effect on pressor responses, by how much 



must endogenous prostaglandin synthesis be inhibited, to significantly 

alter vascular responsiveness? 

Another way of testing the idea that endogenous prostaglandins 

play a role in vascular reactivity was to selectively alter the levels of 

theprostaglandin and look at its effect. 

Imidazole and 1-benzyl imidazole are thromboxane synthetase 

inhibitors (Needleman et al l9?7; Tai and Yuan l9?8). Both of these 

compounds inhibited pressor responses to noradrenaline and angiotensin 

but not to potassium ions. In preparations perfused with indomethacin 

plus PGE2 neither imidazole nor its analogue, !-benzyl imidazole, 

inhibited noradrenaline responses. These data indicate that the effect 

of these compounds was specifically related to inhibition of a stage of 

prostaglandin synthesis distal to indomethacin's site of action. Any 

possibility that imidazole or !-benzyl imidazole were prostaglandin 

antagonists was simultaneously disproved. 

Imidazole appears to be a selective thromboxane A2 synthetase 

inhibitor (Needleman and Bryan Z9?7; Sun et al Z977; Nijkamp et aZ l977} 

and appears to compete with the endoperoxide substrate PGH2 for the active 

site on thromboxane synthetase (Tai and Yuan l9?8). This then provided 

pharmacological evidence for a possible role of thromboxane A2 in rat 

mesenteric vascular reactivity. 

Further pharmacological data was provided using a structurally 

unrelated thromboxane synthetase inhibitor, nicotinic acid (Vincent and 

ZijZstra l978). This compound, 1 ike imidazole and !-benzyl imidazole, 

inhibited noradrenaline but not potassium responses. In the experiments 

with indomethacin plus PGE2, nicotinic acid did not inhibit vascular 
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responses, supporting the view that its action was related to inhibition 

of thromboxane synthetase, not antagonism of prostaglandin action. 

In man, nicotinic acid and its derivative (nicotinyl alcohol) 

produced greater vasodilation of the blood vessels of the blush areas 

(ears, face, neck) than of the extremeties in normal subjects. lt also 

caused postural hypotension (Coffman. Z979) whereas the cyclooxygenase 

inhibitor, indomethacin, which decreases the levels of PGEl, PGE2, PGI2, 

etc., caused a slight increase in blood pressure in essential hypertensives 

(YZitaZo et aZ Z978). 

So far it has been demonstrated that prostaglandins modulate 

vascular reactivity in the rat mesenteric vascular bed. This is supported 

by the data in the previous section and that presented in this one. 

In the following section, prostaglandin biosynthesis by the 

mesenteric vasculature and its modification by pharmacological agents 

is examined. In addition, some evidence is presented for TXB2 release 

from the perfused mesenteric vascular bed and incubates of mesenteric 

arterial rings. 



SECTION I I: PROSTAGLANDIN ANALYSIS 
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"The strongest evidence for a prostaglandin being a mediator of a 

physiological or pathological event requires the isolation, 

identification and quantitation of the prostaglandin produced'' 

\11 

Philip Needleman: Experimental criteria for evaluating 

prostaglandin biosynthesis and intrinsic 

function~ Biochemical Pharmacology~ l978. 

In the present study the data discussed earlier indicate that in 

this preparation prostaglandins may play a role as modulators of vascular 

reactivity. lt is known that in the presence of indomethacin (1 .4 x 10-4 M) 

responses to all stimuli are abolished. If PGE2 or PGF2~is added to the 

perfusate it can reverse this inhibition (Manku and Horrobin l976; 

Coupar and McLennan l978). This restoration is dependent on the presence 

of the prostaglandin, not the stimulation of its biosynthesis. 

In this vascular bed (rat mesenteric) each prostaglandin so far 

tested had distinct actions on vascular reactivity to potassium and 

noradrenaline stimulation, and on basal tone. 

The quotation above should be modified to accommodate this dis

tinction in prostaglandin effects, allowing for their modulatory or 

permissive actions. 

Recently the isolation, identification and quantitation of 

prostaglandins released by the rat mesenteric vasculature was accomplished 

(Wolfe et al Z979). Utilizing the techniques of gas chromatography-

mass spectrometry (LKB 900, multiple ion detector unit) the following 

prostaglandins were positively identified: PGE2, PGF2a, 6-keto-PGFla and 

TXB2. 



\ 'l 

One limitation of this technique is that large samples are 

required for processing through some ten or more steps, each associated 

with some degree of loss of compound. lt is therefore incapable of 

providing data following changes in prostaglandin levels over small 

intervals of time. 

lt was with this in mind that radioimmunoassay of the prostaglan-

dins was initially undertaken. The data presented below is designed to 

reflect changes in prostaglandin levels, in a series of samples collected 

at small time intervals. 

Time Course of Prostaglandin ReZease by the Mesenteric VascuZar Bed 

Prostaglandin biosynthesis was measured by assaying the release of 

immunoreactive PGE2. The mesenteric vascular bed was perfused continuously 

at a flow rate of 3 ml/minute from the moment of cannulation of the 

mesenteric artery. One minute samples of the perfusate were collected at 

5 minute intervals and PG -like material determined by direct radio-

immunoassay of the perfusate. 

PGE2 release 

In Figure 32, the time course of the release of PGE2 by the 

isolated mesenteric vascular bed of a 160 g male rat is shown. The rate 

of release was initially high and fell within 1 hour to a stable rate of 

release (25 pg/ml or 75 pg/minute). These data also show the reproduci-

bility of the radioimmunoassay. 
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Fig. 32. Time course of the release of PGE2 by the isolated rat 
mesenteric vascular bed. Samples were collected every 
five minutes for one minute periods and analyzed by 
radioimmunoassay. 

O~di»ate: Concentration of PGE2 in the perfusate (pg/ml 
multiply by 3 to convert to pgimin). 

Ab~~~a: Time (min.) from the cannulation of the mesen
teric artery. 
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PGE2 and 6-keto-PGFla ~ele~e 

The time course of PGE2 release was not unique to PGE2. In 

another experiment the perfusate collected at each 5 minute interval was 

assayed for both PGE2 and 6-keto-PGFla (the spontaneous breakdown product 

of PGI2). The values obtained were plotted using semilogarithmic paper 

over the same time course (Fig. 33). As can be seen the rate of release 

of PGE2 from this preparation taken from a 280 g male rat (Fig. 33) was 

approximately twice that found for the 150 g male rat (Fig. 32). At 

hour (post cannulation) their respective rates of PGE2 release had 

stabilized at 180 pg/minute and 75 pg/minute. The rate of release of 

immunoreactive 6-keto-PGFla by the larger vascular bed (280 g rat) fell 

from 3600 pg/ml (10,800 pg/min) to approximately a stable rate of release 

of 1700 pg/ml (4100 pg/min). The release of immunoreactive PGE2 fell from 

195 pg/ml (385 pg/minute) to 58 pg/ml (174 pg/minute). The time course 

for the decrease of PGE2 and 6-keto-PGFia release paralleled each other 

{Fig. 33). 

Temporal Correlation of Prostaglandin Biosynthesis with Changes in 

Pressor Response Amplitude 

Time aourse of indomethaain inhibition of noradrenaline pressor 

responses 

In 6 experiments each, the time course of the inhibition of 

re-sfol'\ses by two concentrations of indomethacin was determined. The 

results are shown in Figure 34. In the presence of a low concentration 

of indomethacin (8 ~g/ml, 2.2 x 10-5 M) pressor responses declined, plateauing 

within 15- 20 minutes at a new equilibrium. In a similar manner responses of 

preparations exposed to a high concentration of indomethacin (40 ~g/ml, 1.1 x 

10-4 M) fell to a new equilibrium over a similar period of time. 
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Fig. 33: Time course of the release of prostaglandins from the 
isolated rat mesenteric vascular bed. 

Ondinate: concentration of 6-keto-PGFlo. or PGE2 in the 
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pg/min.). 

Ab~~~a: time(min) from cannulation of the mesenteric 
artery. 
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Fig. 34: Time course of indomethacin inhibition of noradrenaline 
pressor responses in the isolated rat mesenteric vas
cular bed. 

O~dinate: pressor response to a fixed concentration of 
noradrenaline as a percentage of mean control 
response amplitude. 

Ab~Q~~a: time (min} from the addition of indomethacin 
to the buffer resevoir:(X) 2.2 X 10- 5 M 
(•} 1.1 X 10- 4 M. 

Each data point shown represents the mean ± SE for six 
experiments. 



Time couPse of indomethacin inhibition of pPostaglandin biosynthesis 

Indomethacin inhibition of prostaglandin biosynthesis was monitored 

by assaying for immunoreactive PGE2. As before two concentrations of 

indomethacin were used (8 ~g/ml, 2.2 x 10- 5 M, and 40 ~g/ml, 1.1 x 10-4 M). 

The preparations were equilibrated for 1 hour. After this period, 1 minute 

fractions of the perfusate were collected every 5 minutes over a 20 minute 

interval prior to the addition of indomethacin. Thereafter, sampling was 

continued for another 30 minutes. Within 15 minutes of adding either 

concentration of indomethacin the rate of release of PGE2 had fallen to 

a new basal level (Fig. 35). These time courses were similar to those 

shown earlier (Fig. 34) for the decline in mechanical responses to nor-

adrenaline. The control rates of release of PGE2 in each experiment were 

17 pg/ml and 30 pg/ml. After indomethacin (2.2 x 10- 5 and 1.1 x 10- 4 M) 

the new basal rates of release were 14 pg/ml and 9 pg/ml respectively. 

The flow rate in both cases was 3 ml~/min. 

Stimulation of PPostaglandin Biosynthesis by NoPadPenaline (NA) and its 

Inhibition by Indomethacin 

Preparations were equilibrated at a flow rate of 3 ml/min for 2 

hours before beginning the experiment. Samples of the perfusate were 

collected before noradrena1 ine stimulation of the vascular bed (basal). 

The noradrenaline injections doubled the release of PGE2 (basal 67.3 ~ 

1.87 pg/ml, to NA stimulated 160.8 + 16.19 pg/ml). The amount of immuno-

reactive 6-keto-PGF1 was also increased by about 40% from 1043.3 ~ 122 

pg/m1 to 1447.2 ~ 192 pg/ml in response to noradrenaline stimulation 

(Fig. 36) • 
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F~g. 35: Time course of indomethacin inhibition of prostaglandin 
biosynthesis in the isolated perfused rat mesenteric 
vascular bed. 

04dimLte: concentration of PGE2 in the perfusate (pg/ml). 

Ab~cih~a: time (min} from the addition of indomethacin 
to the buffer resevoir. (X) 2.2 X 10- 5 M; 
(•) 1.1 X 10-4 M. 

Each data point shown represents the mean of duplicate 
determinations from a single sample in each experiment. 
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Fig. 36. Effect of noradrenaline on prostaglandin biosynthesis by 
the isolated perfused mesenteric vascular bed. Noradren
aline was injected intraarterially and the 1 minute 
fraction of the perfusate coinciding with the contraction 
collected and assayed by RIA for PGE2 and 6-keto-PGFla. 

Ondinate: concentration of prostaglandin in the perfusate 
(pg/ml; multiply by 3 to convert to pg/min). 

Ab~~~a: PGE2 is indicated by the slashed bar and 6-keto 
-PGF1a by the open bar. 

Values shown are the mean± SE of duplicate determinations 
n ~ 5. 
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Indomethacin (2.2 x 10- 5 M) inhibited the basal synthesis of both 

PGE2 and 6 keto PGFla. PGE2 basal release prior to indomethacin was 

50.7 ~ 4.06 pg/ml whereas after indomethacin the new equilibrium was at 

15 pg/ml (n = 3). 6-keto-PGFla basal pre-indomethacin release was 745.2 

+ 80.6 pg/ml and after indomethacin release was reduced to 284.01 ~ 30.9 

pg/ml. Noradrenaline was unable to stimulate either PGE2 or 6-keto-PGFl 

synthesis in the presence of indomethacin. Their respective rates of 

release remained at 14.35 ~ 3.65 pg/ml and 284.01 + 30.9 pg/ml (Fig. 3?). 

Release of immunoreactive TXB2 by the perfused mesenteric vascular 
bed 

The time course of TXB2 release by the mesenteric vascular bed 

of two preparations is shown in Figure 38. The mesenteric artery was 

cannulated at t = 0 minutes and perfusion begun immediately at a flow 

rate of 3 ml/min. At t = 15 minutes the preparation was perfused with 
;', 

collagen (12 ~g/ml) for 5 minutes. At t = 20 minutes, perfusion was 

switched back to normal buffer and sampled for 1 minute periods at 5 

minute intervals. 

In a similar manner, as noted earlier for PGE2 release, the rate of 

TXB2 release from the individual preparations decreased with time from 

75.5 pg/ml (226 pg/minute) and 65 pg/ml (195 pg/minute) at t = 30 minutes 

and within 20 minutes to 26 pg/ml (78 pg/min) and 35 pg/ml (105 pg/min) 

respectively. In this experiment the animals used were larger (350 g) 

than those normally used (180 g). lt had been noted in preliminary experi-

ments that with preparations from smaller animals at a fixed flow rate of 

·'· 
"At a concentration used routinely by the Medical Clinic, University of 

Freiburg, to aggregate platelets. 
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Fig. 37. Indomethacin (2.2 X 10- 5 H) effect on basal and noradren
aline stimulated prostaglandin biosynthesis in the 
isolated perfused rat mesenteric vascular bed. 

O~dinate: concentration of prostaglandin in the perfusate 
(pg/ml; multiply by 3 to convert to pg/min). 

Ab~~~a: PGE2 is indicated by the slashed bar and 6-keto 
-PGF1a by the open bar. 

Values shown are the mean± SE of duplicate determinations 
n ~ 5, * p < 0.01 ANOVA. 
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Fig. 38. Time course for the release of TxB2 from the isolated 
perfused rat mesenteric vascular bed of 350g animals. 
Aliquots of perfusate were collected every 5 mins for a 
1 min period and assayed for TxB2 by RIA. 

O~dinate: concentration of TxB2 in the perfusate (pg/ml; 
multiply by 3 to convert to pg/min). 

Ab.oc.-i.l>.6a: time (min) from the cannulation of the mesen
teric artery. 

Each curve shown represents data from a single prepara
tion. The arrow indicates the 10% confidence limit of the 
RI A. 
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3 ml/min the concentration of TxB2 in the perfusate rapidly fell below 

the detection limit of the radioimmunoassay. The 10% confidence limit 

for the TxB2 radioimmunoassay was 26 pg. 

Pharmacological modification of TxB2 release by the mesenteric 
vascular bed 

Preparations were prepared as previously described and samples 

collected,beginning at t = 30 minutes,every five minutes. One preparation 

was perfused with imidazole (100 ~g/ml, 1.5 x 10- 3 M) from t = 15 minutes, 

and the control preparation was perfused with plain buffer. Each sample 

collected was assayed for immunoreactive PGE2 and TxB2. The results for 

the control experiment are shown in Figure 39, and that for the imidazole 

perfused preparation in Figure 40. 

In the control experiment both PGE2 and TxB2 levels are reasonably 

close, whereas in the imidazole perfused preparation PGE2 levels are 

approximately twice that of TxB2 for the period t = 30 min to t = 55 min. 

This is in agreement with the data of Nijkamp et al (l977) showing 

diversion of PG synthesis upon inhibition of thromboxane synthesis with 

imidazole. For this experiment preparations from rats weighing 220 -

240 g were used. 

Zffect of imidazole and 9~ll azo prosta 5,l3 dienoic aoid on 
TxB2 release 

Both of these compounds have been shown to inhibit thromboxane 

synthesis in a variety of tissues. For these experiments normal weight 

rats were used (180 g). Preparations were perfused with drug beginning 

at t = 15 min and samples collected at 1 minute intervals for 5 minutes 
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Fig. 39. Time course for the release of TxB2 and PGE2 from 
the isolated perfused mesenteric vascular bed of a 
220 g rat. Aliquots of perfusate were collected 
every 5 mins and assayed by RIA for TxB2 and PGE2. 

Oltdivutte: concentration of TxB2 and PGE2 in the 
perfusate {pg/m1; multiply by 3 to con
vert to pg/min) 

Ab~c~~a: time (min) from cannulation of the mes
enteric artery. 

Each point represents the mean of duplicate deter
minations. 
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Fig. 40. Time course for the release of TxB2 and PGE2 from the 
isolated perfused mesenteric vascular bed of a 220 g 
rat. The preperation wa~ perfused with imidazole con
taining buffer (1.5 X 10 3 M) beginning at t=15 min, 
aliquots of the perfusate were collected every 5 mins 
beginning at t=30 min and assayed. 

0Jtd..tnate: concentration of TxB2 and PGE2 in the per
fusate (pg/ml; multiply by 3 to convert to 
pg/min). 

Ab~~~a: time (min) from cannulation of the mesen
teric artery. 

Each point represents the mean of duplicate determin
ations. 
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beginning at t = 25 min. The mean value TxB2/ml over this 5 minute period 

is shown in Figure 4Z. Preparations were perfused with collagen containing 

buffer for 5 minutes from t = 5 tot= 10 min to eliminate platelets as a 

possible source of the TxB2. 

In experiment A, control immunoreactive TxB2 was approximately 

50 pg/ml, whereas in the imidazole (1 .5 x 10- 3 M) perfused preparation 

TxB2 levels were approximately 17 pg/ml (in this case extrapolated from 

the standard curve because the TxB2 level was below the 10% confidence 

level of the assay). In experiment B, control TxB2 levels were about 

45 pg/ml, and in the 9,11 azo prosta 5,13 dienoic acid (3 ~g/ml) perfused 

preparation TxB2 levels were about 24 pg/ml {this value borders on the 10% 

confidence limit of the assay). Thus, in both treated preparations the 

TxA2 synthetase inhibitors suppressed the release of immunoreactive TxB2 

to levels below the 10% confidence 1 imit of the assay. 

Evidenae that TxB2-Zike material in the perfusate w~ not 6-keto 
PGFZa. c.ttaJ.>-6 Jte.ac.t-LnA ~n :the TxB2 RIA 

In two experiments, mesenteric vascular beds from two 300 g rats 

were perfused for 5 hours. These preparations were perfused simultaneously 

with buffer from a common reservoir, all samples were similarly treated 

and assays performed at the same time. Samples were collected at 5 minute 

intervals. For sake of clarity only the values of the various PGs assayed 

at 1 hour intervals are shown in Figures 42 and 43. As can be seen, 

prostaglandin biosynthesis increases slowly over the 4 hour period. 

In Figure 42 the results of the analyses of the perfusate from 

animal A show that 6-keto-PGFla, PGE2 and TxB2 increased in a parallel 

manner. 6-keto-PGFla increased from 1.2 ng/ml (3.6 ng/min) to 2.2 ng/ml 
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F~g. 41. Inhibition of TxB2 biosynthesis in the mesenteric 
vasculature by two structurally unrelated Tx syn
thetase inhibitors. Mesenteric vascular beds were 
prepared as described in methods with additional 
procedures as noted in results. Each preperation 
was perfused with buffer alone or buffer plus a Tx 
synthetase inhibitor. The effluent from control 
and treated preperations were individually collec
ted for a 5 min period and analyzed by RIA for TxB2. 

O~dinate: concentration of TxB2 in the perfusate 
(pg/ml; conversion factor as in Fig. 40). 

Ab~e~~a: control :open bar; imidazole (1.5 x 10-3 M) 
slashed bar; AZO (3 ~g/ml): stippled bar. 

Data shown represent the mean concentration (pg/ml) in 
the 15 ml of perfusate collected over the 5 mins. As 
can be seen the Tx synthetase inhibitors reduced the 
levels of TxB2 below the 10% confidence limit of the 
assay (indicated by the arrow). 
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{6.6 ng/min). PGE2 increased from 62 pg/ml (18.6 pg/min) to 60 pg/ml 

(180 pg/min). 

In Figure 43 the results of the analyses of the perfusate from 

animal B show that 6-keto-pGfla and PGE2 increase in a parallel manner 

whereas TxB2 fell below the 10% confidence level of the assay and rose 

above it at t = 5 hr. 6-ket~PGFla increased from 1.0 ng/ml (3.0 ng/min) 

to 2.25 ng/ml (6.75 ng/min). PGE2 increased from 64 pg/ml (192 pg/min) to 

260 pg/ml (780 pg/min). TxB2 fell from 35 pg/ml (105 pg/min) to below the 

10% confidence limit of the assay and was undetectable at 3 to 5 hours. 

At the 5 hour mark TxB2 was again detectable at 30 pg/ml {90 pg/min) (10% 

confidence limit, 26.6 pg/ml or 79.8 pg/min). 

Although the levels of 6-keto-PGFla released were similar in both 

preparations, the TxB2 RIA did not indicate a similar rise in TxB2 levels. 

This indicated that the TxB2 antisera was not nonspecifically cross-

reacting with 6-keto-PGFla to give false positive results. 

This was further confirmed by thin layer chromatographic separation 

of TxB2 from 6-keto-PGFla, PGE2, PGF2a and PGD2. 

Thin ZayeP chPomatogPaphic sepapation of immunoPeactive pPostagZandins 
released by the mesentePic vascuZaP bed 

The perfusates from each of two mesenteric vascular beds (from 

350 9 males) were pooled, acidified to pH 3 and extracted with ethyl 

acetate. The ethyl acetate fraction was evaporated under reduced pressure 

at a temperature of 40° C. The residue was solubilized and half of the 

amount spotted on each of two TLC plates, together with authentic stan-

dards (Upjohn, 1 ~9 each) of PGF2a, 6-keto-PGFla, PGE2, TxB2 and PGD2 in 
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Fig. 42. Time course for the biosynthesis and release of 6-keto 
-PGFla, PGE2 and TxB2 from an isolated perfused mesen-

' teric vascular bed. Aliquots of perfusate were collected 
at 5 min intervals beginning 30 mins after cannulating 
the mesenteric artery and assayed by RIA. 

O~dinate: concentration of prostaglandin in the perfus
ate (pg/ml; flow rate 3 ml/min). 

Ab~c~~a: time (hr) from the cannulation of the mesen
teric artery ( 300 g rat). 
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Fig. 43. Legend as in Fig. 42. 
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parallel channels. Each plate was developed in a different solvent system 

and the standards visualized by spraying with a 10% solution of phospho-

molybdic acid and then heating at 120° C for I minute. The plates were 

divided into thirteen I cm zones and these sections scraped off the plates 

and extracted into methanol overnight. The methanol was evaporated and 

the residue redissolved in assay buffer and the amount of immunoreactive 

TxB2-like material determined. 

In both solvent systems the predominant TxB2-Iike material comi-

grated with the authentic TxB2 (Figs. 44 and 45). When the perfusate 

was concentrated some 600-fold, as was done for the TLC analyses, the 

levels of 6-keto-PGFI and PGD2 were high enough to crossreact in the TxB2 

assay. This is shown by the apparent TxB2-like material corresponding to 

the location of authentic 6-keto-PGFla and PGD2 on the TLC plate. 

~ostaglandin biosynthesis by arterial rings of the mesentery 
and its attendant smaller a.lLteJU~fl 

The mesenteric artery was cannulated and the mesenteric vascular 

bed perfused with physiological salt solution (Krebs). The adherent 

fatty tissue was removed and the mesenteric veins discarded. The arterial 

bed was perfused with collagen as described previously and then equili-

brated in Krebs buffer at 4° C for 10 minutes. At this time the wet 

weight of the tissue was noted and the arteries (superior mesenteric, 

ileal and jejunal) were transferred to another vial containing fresh 

buffer (4° C) or buffer plus inhibitor (indomethacin or imidazole) for 

5 minutes. At the end of this period the arteries were cut into arterial 

rings (at 4° C) and placed in a third vial containing 2 ml buffer alone 

or buffer plus inhibitor and equilibrated for a further 5 minutes. The 
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Fig. 44. Thin layer radioimmunoassay chromatogram of pooled 
effluent from two vascular beds. 60 ml of effluent 
was collected over a 10 min period (30 ml/preperation). 
The sample was then processed as described in methods 
and the chromatogram developed in diethylether:methanol: 
acetic acid (180:2:4 V:V). The immunoreactive TxB2 was 
determined by RIA and its position on the chromatogram 
is indicated by the heavy line. At the base of the chro
matogram the positionsof authentic standards are shown: 
(j)PGF2a.; <i) 6-keto-PGFla.; Q) PGE2; ® TxB2; (2) PGD2. Arrow 
indicates the 10% confidence limit of the TxB2 RIA. 
Note the close correlation of the position of the maximum 
TxB2-like material in the effluent with the position of 
authentic TxB2 on the chromatogram. 
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Fig. 45. Legend as in Fig. 44 with exception that the chromatogram 
was developed in ethyl acetate: ethanol: acetic acid (100: 
1:1 V:V). Arrow indicate the 10% confidence limit of the 
TxB2 RIA. Note the close correlation of the maximum TxB2 
-like material in the effluent with the position of authen
tic TxB2 on the chromatogram. 
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reaction was started by transferring the vial to a waterbath (37° C), 

adding noradrenaline (if required), and incubated for 10 minutes. The 

reaction was terminated by filtering the buffer through a glass wool 

plug. The filtrate was stored at -60° C until assayed by RIA. Both 

PGE2 and TxB2 were determined for each sample and the results expressed 

as prostaglandin ng/gram wet weight tissue produced over 10 minutes by 

arterioles from a single animal. The results of these experiments are 

shown in Fig. 46 and 47. In series A (Fig. 46) the sensitivity of TxB2 

and PGE2 biosynthesis to imidazole and indomethacin was determined. In 

Experiment No. 1 immunoreactive TxB2 and PGE2 release in response to nor-

adrenaline stimulation are shown and appear to be approximately equal. 

In Experiment No. 2, the effect of imidazole (38 ~g/ml, 5.5 x 10- 4 M) 

on unstimulated PG biosynthesis was determined. This drug did not appear 

to have a dramatic effect on basal TxB2 release at this concentration. In 

Experiment No. 3, the effect of imidazole on noradrenaline stimulated PG 

biosynthesis was determined. In this case, PGE2 synthesis was greater 

than that of TxB2. In Experiment No. 4, the effect of the cyclooxygenase 

inhibitor indomethacin on PGE2 and TxB2 biosynthesis was determined. 

Indomethacin clearly reduced biosynthesis of both PGE2 and TxB2, by 

approximately 66%. Again, the levels of PGE2 and TxB2 did not appear to 

be different. In experiment No. 5, the effect of imidazole (5. 5 x 10- 4 M} 

on noradrenaline stimulated PG biosynthesis was determined as before 

(Experiment No. 3). Again, TxB2 production did not increase whereas the 

PGE2 production did increase. In Experiment No. 6, the effect of indometha

cin (2.2 x 10- 5 M) on unstimulated biosynthesis was determined; both PGE2 

and TxB2 were comparably reduced. 
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Fig. 46. Production of immunoreactive TxB2 and PGE2 by incubates 
of rat mesenteric artery and arteriole rings over a 10 
min incubation period in Krebs buffer at 37 °c. Aliquots 
of the incubation buffer were analyzed by direct RIA for 
TxB2 and PGE2 as described in methods. 

O~dinate: prostaglandin production ng/g wet weight/10 min. 

Ab.ow.oa.: ( 1) Noradrena 1 i ne stimulation; (2) Basa 1 syn 
hesis in the presence of 5.5 X 10-4 M imidazole 
(3) Noradrenaline stimulation in the presence 
of 5.5 X 10-4 M imidazole; (4) Noradrenaline 
stimulation in the presence of 2.2 X 10-s M 
indomethacin; (5) Noradrenaline stimulation in 
the presence of 5.5 X 10-4 M imidazole; (6) 
Ba§al biosynthesis in the presence of 2.2 X 
10 5 M indomethacin. 

Note that indomethacin reduced basal biosynthesis and 
blocks noradrenaline stimulation of PG biosynthesis. 
Imidazole blocked noradrenaline stimulation of TxB2 bio
synthesis, with no effect on PGE2 biosynthesis. 
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F~g. 47. Production of immunoreactive TxB2 and PGE2 by incubates 
of rat mesenteric artery and arteriole rings over a 10 
min incubation period in Krebs buffer at 37Dc. Allquots 
of the incubation buffer were analyzed by direct RIA for 
TxB2 and PGE2 as described in methods. 

O~d~n~e: prostaglandin production ng/g wet weight/10 min. 

Ab-&c.J...6-0a.: (1) Basal biosynthesis; (2) Noradrenaline 
stimulation; (3) Noradrenaline stimulation 
in the presence of 5.5 X 10-4 M imidazole; 
(4) Noradrenaline stimulation in the pres
ence of 2.2 X 10- 5 M indomethacin. 

Note that imidazole blocked noradrenaline stimulation of 
TxB2 biosynthesis with little effect on PGE2 biosynthesis. 
Indomethacin blocked noradrenaline stimulation of both 
TxB2 and PGE2 biosynthesis. 
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In series B (Fig. 4?), this study was repeated using a different 

batch of animals. As before, imidazole (5.5 x 10-4 M) inhibited NA 

stimulated production of immunoreactive TxB2 whereas PGE2 biosynthesis 

was not affected and the cyclooxygenase inhibitor indomethacin {2.2 x 10- 5 M) 

inhibited the synthesis of both TxB2 and PGE2. 

Thin layer chromatographic separation of immunoreactive prostagZandins 
in arterial ring incubates 

Approximately 2.4 ml of incubates from arterial rings (8 rats) were 

pooled and then acidified (pH 3.2) and extracted with ethyl acetate. The 

organic fraction was then evaporated to dryness with a rotary evaporator, 

the prostaglandins were redissolved in 50 ~1 ethanol and spotted on a TLC 

plate, together with PGE2, PGF2a, 6 keto PGFla and TxB2 standards in 

parallel channels. The plate was developed and the standards visualized 

by spraying with 10% solution of phosphomolybdic acid and then heating for 

t minute in an oven at 120° C. The plate was divided into thirteen cm 

zones and these were eluted with methanol overnight. The methanol was 

evaporated and the residue redissolved in phosphate-buffered saline. The 

apparent immunoreactive TxB2-1 ike material in each zone was determined by 

TxB2 RIA {the results of this are shown in Figure 48). As can be seen, 

the main immunoreactive zone corresponded to the position of authentic 

TxB2 on the TLC plate. 

These data clearly show the release of TxB2-like material from both 

the perfused mesenteric vascular bed and incubates of arterial rings. 

With this knowledge it was now possible to test the hypothesis that 

endogenous TxA2 opposed the actions of exogenous TxB2 infused thro~gh the 

vascular bed (Fig. l3) on noradrenaline pressor responses. If this 
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Fig. 48. Thin layer radioimmunoassay eh omatogram of pooled 

incubation media of mesenteric artery and arteriole rings 
(n=8). The media was processed as described in methods 
and the TLC plate was developed in ethyl acetate:ethanol: 
acetic acid (100:1:1 V:V). The Immunoreactive TxB2-1ike 
material in each 1 cm zone of the plate was determined by 
TxB2 RIA. At the base of the chromatogram the positions 
of the authentic standards are shown: (i)6K PGFla; ® PGF2a; 
Q) TxB2; ® PGE2; (5) PGD2. Note the c 1 ose cor re 1 at ion of 
the maximum TxB2-like material in the incubation media 
with the position of authentic TxB2 on the chromatogram. 
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hypothesis was correct then inhibition of endogenous TxA2 synthesis should 

be accompanied by enhanced effectiveness of exogenous TxB2 added to the 

buffer. 

Effect of TxB2 on noradrenaline pressor responses ~n preparations 
perfused simultaneously with imidazole 

Perfusion of the mesenteric vascular bed with imidazole 

(7.4 x 10-s , 2.5 x 10- 4 and 5.9 x I0- 4 M) unmasked a potent and effective 

inhibitory action of TxB2 on noradrenaline responses (Fig. 49). In the 

presence of imidazole the maximum inhibition by TxB2 was increased 

(p < 0.001 ANOVA) when compared to responses of preparations perfused 

with TxB2 alone. Increasing the concentration of imidazole up to 

5.9 x 10-4 M shifted the TxB2 concentration response curve progressively 

leftwards (Fig. 49). 

Effect of TxB2 on potassium pressor responses in preparations 
perfused simultaneously with imidazole 

Imidazole increased both the effectiveness and potency of TxB2 

inhibition of noradrenaline pressore responses; in contrast the combination 

of this TxA2 synthetase inhibitor and TxB2 resulted in a potentiation of 

potassium pressor responses (Fig. 49). This potentiation of potassium 

responses was not seen in preparations perfused with TxB2 alone (Fig. ZS). 

Effect of TxB2 on baseline perfusion p~e6~u~e in preparations 
perfused simultaneously with imidazole 

In preparations perfused with TxB2 (10- 12 to 10- 8 M) alone, no 

significant effect was seen on baseline perfusion pressure (Fig. l3). 

When the preparations were perfused with imidazole at either of three 
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Fig. 49. Inhibition of noradrenaline contractions of the isolated 
perfused mesenteric vascular bed by TxB2 (,) and the 
potentiation of its actions (p < 0.01, ANOVAl by imidazole 
].4 X 10- 5 M (+), 2.5 X 10-4 M (o), 5.9 X 10 4 M (o). 
Also shown is the effect of TxB2 on potassium contractions 
in the presence of 5.9 x 10-4 M imidazole (•). 

O~dinate: pressor response as % of mean control response 
prior to the addition of TxB2. 

Ab~e~~a: concentration of TxB2 (M). 

Each data point shown represents the mean ± SE for six 
experiments. 
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(mm Hg; 1 mm Hg = 133.33 Pascals). 
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Each data point shown represents the mean ± SE for six 
experiments. 



concentrations (7.4 x 10- 5 , 2.5 x 10-4 and 5.9 x 10-4 M), Tx82 

0 significantly increased baseline perfusion pressure in a concentration 

related manner (p< 0.01 ANOVA, Fig. 50). 

0 
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DISCUSSION 

The rat mesenteric vasculature synthesizes and releases prosta-

glandins continuously even in the absence of stimuli (Wolfe et aZ !979; 

present data). The amount of prostaglandins released appears to be 

correlated with the size of the vascular bed (comparison made at identical 

flow rates, Figs. 32 and 33), i.e. dependent on the muscle mass. A 

similar observation was made by Wolfe et aZ (!9?9). 

The time course of PGE2 and 6-keto PGFla release from a preparation 

showed a temporal parallelism. This suggested that the source(s) were 

the same. The initial high rate of release seen was probably related to 

the trauma associated with the preparation of the vascular bed. Within 

one hour the rate of release for both PGE2 and 6-keto PGFla had plateaued. 

The preparations from smaller animals (Fig. 32) appeared to stabilize 

much earlier than those from large animals (Fig. 33). However, as shown 

in Figure 58 this observation was not necessarily correct. lt is more 

likely that the time required for stabilizationwasdirectly determined by 

the severity of the trauma the preparations were subjected to. The 

observation which remained constant was that the larger preparations 

released a greater amount of prostaglandins in comparison with the smaller 

preparations (Fig. 33 and 42 vs Fig. 32 and 39). 

In an unrelated system (perfused rat kidney) Scherer et aZ (!978) 

found that the rates of release of PGE2 and PGF2 were 46.2 ~ 9.3 pg 

PGE2/minute/kidney and 27 ~ 3.4 pg PGF2a/minute/kidney. These values 

are of the same order of magnitude as PGE2 and PGF2a release by the 

perfused mesenteric vascular bed. 



In experiments designed to explore the role of, and possibly 

c implicate, a substance in the physiology of a system, a classical approach 

has been ablation procedures. In this system there is a superimposability 

of the time curves for indomethacin (ablation/inhibition) effect on 

mechanical and prostaglandin biosynthetic activity (Figs. 34 and 35). 

These data clearly indicate that the onset and maximum inhibitory action 

of indomethacin was definitely correlated with its inhibition of the 

prostaglandin cyclooxygenase. The effect of indomethacin on both mechani-

cal and biosynthetic activity was concentration dependent and thus satisfies 

the criterion of NeedZ.eman et aZ. (Z-978) quoted above. The superimposable 

nature of these time-effect curves (Figs. 34 and 35) are persuasive 

evidence indeed. 

While it is now generally accepted that noradrenaline stimulates 

prostaglandin biosynthesis, it was of interest to determine if it 

increased all prostaglandins by the same factor. As can be seen in Figure 

36, noradrenaline stimulated PGE2 biosynthesis by lOO% whereas 6-keto PGFla 

biosynthesis was increased by 40%. Thus there is a differential stimulation 

of prostaglandin synthesis in the mesenteric vascular bed. 

In the rabbit kidney Schwartzman et aZ. (Z-979) found that bradykinin 

or antiogensin I I injected intraarterially, caused a 400% increase in PGE2 

release while arachidonic acid infusion resulted in a 10,000% increase in 

PGE2 release (basal release of PGE2, no stimulation: 47.5 - 65.5 ng/min). 

Using endotoxin as a stimulus Harper et aZ. (Z-978) showed that PGF and PGE 

levels in the rabbit carotid arterial plasma were increased by 400% and 

30% re~pectively (pre-endotoxin levels: PGF 270 ~ 30 pg/ml; PGE 280 + 0.00 

pg/ml). In nonvascular smooth muscle, noradrenaline increased PGF release 

0 
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from rat uterus by 300% (pre-noradrenal ine release 225 ~ 37.6 pg/mg wet 

weight/60 min, Ishikawa and Fuchs Z9?8). These data demonstrated that in 

a variety of preparations, a number of dissimilar stimuli all alter 

prostaglandin biosynthesis, resulting in the release of different amounts 

of the prostaglandins monitored. 

In the mesenteric vascular bed, the nonsteroidal antiinflammatory 

drug, indomethacin (2.2 x 10- 5 M) abolished noradrenaline stimulation of 

prostaglandin biosynthesis (Fig. 37) but did not abolish basal prostaglandin 

biosynthesis. Basal prostacycl in release appeared resistant to inhibition 

by indomethacin in this preparation (see Tables 2 and 3 for a comparison 

of indomethacin potency as an inhibitor of the cyclooxygenase from various 

tissues and species). lt is possible that in this vascular bed the free 

arachidonic acid levels were high enough to oppose indomethacin's action, 

as has been shown to occur by Flower (Z974). Other researchers have 

reported data showing that moderate concentrations of indomethacin did not 

inhibit basal prostaglandin biosynthesis but effectively inhibited synthe-

sis in response to stimulation (Hood and Vincent Z9?8; Scherer et aZ Z9?8; 

Pace-Asciak et aZ Z9?8). In the mesenteric vascular bed, the time course 

data (Fig. 35) for indomethacin inhibition of basal biosynthesis showed 

that a high concentration of indomethacin (by literature values, see 

Tables 2 and 3) did not abolish PGE2 biosynthesis, indicating the res is-

tance of the cyclooxygenase. 

lt is generally accepted that little thromboxane A2 is synthesized 

by vascular smooth muscle (NeedZeman et aZ Z9??; Tuvemo Z978), although 

this prostaglandin is one of the most potent constrictors of vascular 

smooth muscle (Tuvemo Z9?8; NeedZeman et aZ Z979). 
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Thromboxane A2 is normally undetectable in the effluent from the 

heart (Anhut et aZ Z977) and kidney (Morrison et al Z977); however, 

both groups have shown that under special conditions both preparations 

synthesize and release TxB2 (the metabol ite of TxA2). Anhut et al (l977) 

have reported that the anaphylactic guinea pig heart releases TxB2 while 

Morrison et aZ (l977) have shown that the ureter obstructed rabbit kidney 

released TxB2. lt has now been shown that an endogenous inhibitor of 

prostaglandin biosynthesis is present in the kidney cortex (Terragno et al 

l978). lt is therefore possiblethatasimilar endogenous inhibitor of 

thromboxane synthetase exists and that it is either inactivated or its 

synthesis abolished during anaphylaxis (Anhutetal l977) or in the 

uremic kidney (Morrison et al Z977). Recently Ogino et al (l979) reported 

the isolation and identification of an activator of prostaglandin hydro

peroxidase. This activator, 11 uric acid11
, is a metabol ite of adenosine, 

a ubiquitous substance found in all cells. Thus both endogenous activators 

and inhibitors of different enzymes in the prostaglandin biosynthetic 

pathway exist within the cells. 

The release of immunoreactive Tx82 appeared to follow a simi Jar time 

course to that found for PGE2 and 6-keto-PGFla. In the smaller preparations 

at the fixed flow rate of 3 ml/min the levels of TxB2 often fell below 

the reliability of the assay within 30 minutes. This did not occur in 

preparations from larger animals. The release of TxB2 was sensitive to 

pharmacological modification (Figs. 39 and 49). Imidazole (a thromboxane 

synthetase inhibitor) altered the ratio of PGE2 to TxB2 detected in the 

perfusate. The amount of PGE2 was increased while the levels of TxB2 

were decreased (Fig. 40). In the control preparation the levels of PGE2 
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and TxB2 in the effluent were similar (Fig. 39). This effect of imidazole 

wasconsistent with the data of Nijkamp et al (l97?) and Wolfe et al (l979) 

showing diversion of prostaglandin endoperoxides upon thromboxane 

synthetase inhibition. A structurally unrelated thromboxane synthetase 

inhibitor, 9, 11 azo prosta-5,13 dienoic acid reduced the release of TxB2 

from the mesenteric vasculature, to a concentration below the 10% confidence 

level of the assay (26 pg, Fig. 4l). 

Because there are many factors which alter antibody-antigen inter-

action, the possibility of a nonspecific substance crossreacting in the 

assay had to be considered. The sensitivity to imidazole and 9,11 azo-

prosta 5,13 dienoic acid inhibition identified the active substance as 

being a product of thromboxane synthetase. 

Further support is provided in Figures 42 and 43 showing that in 

,-. two separate preparations, prostacycl in levels were similar in the effluent 

as were the PGE2 levels, in contrast to the Tx82 levels. PGI2 is the 

major arachidonic acid metabol ite produced; thus, it is possible that it 

could have been crossreacting in the TxB2 assay. The data in Figure 43 

clearly shows that Tx82 did not parallel the increase in PGE2 and 6 keto 

PGFla. Additional verification was provided by TLC separation of the 

mixture of prostaglandins released by these blood vessels. In two solvent 

systems the substance having the greatest affinity for the TxB2 antisera 

comigrated with authentic TxB2. The apparent TxB2 present in the PGD2 

zone indicated its biosynthesis. PGD2 was not identified by Wolfe et al 

(l9?9) in their studies using GC-MS analysis. 

In the experiments using arterial rings, TxB2 synthesis was again 

confirmed using the radioimmunoassay. Its bioassay was sensitive to both 



indomethacin and imidazole inhibition. These data provided positive 

0 pharmacological and biochemical data for the endogenous biosynthesis of 

TxA2 by the mesenteric artery and its associated arterioles. Previously 

vascular smooth muscle synthesis of TxA2 had only been shown in the human 

umbilical artery (Tuvemo Z978}. Combined TLC separation and radio-

immunoassay again identified the antigenic substance as being TxB2. This 

data is in agreement with the findings of Wolfe et al (l979) using GM-MS 

analysis, which categorically identified TxB2 in the incubates of rat 

mesenteric arteries. Because prostaglandins are not stored, this then 

representeddenovo synthesis from endogenous arachidonic acid stores. 

Recently, two groups reported the identification of TxB2 as a 

product of arachidonic acid metabolism in incubates of bovine cerebral 

arterioles. Maurer et al (l979) identified TxB2, PGE2, PGF2a and 6-keto 

PGFla by combined high performance I iquid chromatography and radioimmuno-

assay in incubates of cerebral microvessels. In the second study, Hagen 

et al (Z979) using radiochromatographic and gaschromatographic-mass-

spectrometric procedures positively identified TxB2, PGE2, PGF2a~ PGD2 

and 6-keto PGFla produced from added 1- 14C-arachidonic acid as well as 

from endogenous arachidonic acid. These data as well as that presented 

here indicate that TxA2 (detected as TxB2) was produced by the vessel wall 

in amounts significantly lower than that of either PGE2 or 6-keto PGFia 

(PGI2). Since TxA2 was much more potent than the other prostaglandins 

(Tuvemo Z978; Needleman et al l979), then low concentrations would be 

sufficient for its biological actions. The data presented above and 

earlier, using thromboxane synthetase inhibitors support this view. 

The human umbilical artery synthesized 20- 52 ng TxB2/gram tissue/ 

0 
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3 hours (Samuelsson et aZ l978) while we found that the rat mesenteric 

artery synthesizes 12.8 + 1.3 ng TxB2/gram tissue/10 minutes. These 

values can be compared, because it has now been shown that incubates of 

smooth muscle release 80% of the prostaglandins in the first 5 minutes, 

thereafter 1 ittle further accumulation takes place (Pace-Asciak et al 

Z9?8; Ishikawa and Fuchs Z978). In contrast, Wolfe et aZ (Z9?9) found 

that rat aortic and mesenteric rings produced 4.7 ng TxB2/gram tissue/ 

10 minutes. The lack of agreement in the absolute concentrations of 

TxB2 found by ourselves and Wolfe et aZ (l9?9) may be a result of their 

use of primarily the abdominal aorta- mesenteric artery junction and the 

use of phosphate buffer in their incubates. In the present study only 

the mesenteric, ileal and jejuna! arteries and small arterioles were 

used in Krebs-Henseleit buffer (the abdominal aorta, superior mesenteric 

vein and other small veins were discarded). Furthermore, our preparations 

were prequilibrated for 20 minutes with constant perfusion at 30° C and 

were then transferred to cold buffer (4° C) whereas Wolfe et aZ (Z979) 

transferred their arteries directly to cold buffer (phosphate). The 

amount of 6-keto PGFla synthesized by the rings prepared from aortic and 

mesenteric arteries was reported as 3427! 325.8 ng/gram tissue/10 minutes 

by Wolfe et aZ (Z978) whereas we found that the mesenteric arterial rings 

synthesized 674.4 + 28.3 ng/gram/10 minutes. The reasons for this 

difference are probably those noted above. Some data for buffer related 

effects, is the reported PGI2 synthesis of 6400 ng/gram tissue/10 minutes 

by rat aortic rings in borate buffer (Okuma et al l9?9, using platelet 

bioassay for PGI2). lt is of interest to note that Herman et aZ (l9?8) 

found as much as five-fold difference in prostacycl in (PG12) production 
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between tissues incubated in plasma and Tris buffer. Thus, the incubation 

0 media may be one key factor responsible for the lack of agreement of these 

sets of data. 

In their study WoZfe et aZ (Z979) were unable to detect TxB2 in 

their perfusates of the vascular bed. This was most I lkely the result of 

not having enough TxB2 in the collected perfusate to yield a final minimal 

amount of 2 ng (after work-up) for GC-MS analysis. The procedure required 

six extraction steps followedbyderivatization. If one assumes that in 

the effluent from four preparations collected for 1 hour, the total amount 

of TxB2 was 20 ng, then in the work-up with a recovery of 60% at each 

extraction, after five extractions, only 1.2 ng of TxB2 would be left. 

This quantity is below the sensitivity of the GC-MS method which required 

2 ng of TxB2 for processing (Wo!&e et al 1979). 

The 1 imit of sensitivity of the TxB2 radioimmunoassay was 26 pg. 

In many cases (150 - 200 g rats) after 35 minutes (from time of cannula-

tion) the levels of TxB2 had fallen below the sensitivity of the methods. 

As a result the weight of the animals used was increased to approximately 

300 grams. This kept the perfusate levels of TxB2 within the detection 

range as shown in Figures 58 and 42 and the TLC separation of the prosta-

glandin mixtures from the perfusates as shown in Figures 44 and 45. 

Having identified TxB2 in the perfusate it was now possible to 

generate TxB2 dose response curves in the presence of fixed concentrations 

of a TxA2 synthetase inhibitor. This would provide further indirect 

evidence about the role of TxA2 in these vessels. 

This procedure unmasked a potent inhibitory effect of TxB2 on 

noradrenaline contractions, in addition to a direct smooth muscle stimulation 
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seen as an increase in basal perfusion pressure. Potassium pressor 

responses were potentiated by TxB2 in the presence of the TxA2 inhibition. 

Imidazole did not affect potassium responses by itself. 

The increase in basal tone in the presence of TxB2 plus imidazole 

suggests thatTxB2 inhibited the lowering of cytosolic calcium levels even 

though it simultaneously blocked the mobilization of activator calcium. 

Its inability to block or inhibit potassium responses indicated that the 

contractile proteins and other intracellular machinery needed for their 

activation were still functional, thus ruling out a toxic effect. 



SECTION I I I: PROSTAGLANDIN$ AND PURINES 
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INTRODUCTION: 

Physiological role of purines 

The existence of a 11non-adrenergic non-cholinergic11 branch of the 

autonomic nervous system has been demonstrated in a number of systems. 

Some examples are: stomach and small intestine of a variety of mammal] ian 

species {Furness l969; Lock l9?l; Weston l97l; Hirst and McKirdy Z974; 

Abrahamsson l9?5), rabbit portal vein (Hughes and Vane l9?0), dog 

retractor penis (Luduena and Grigas l966) and guinea pig seminal vesicles 

(Nakanishi and Takeda l9?2~ l9?3). 

Recently Burnstoak (l9?2) has proposed a model suggesting that the 

transmitter substance released by activation of "non-adrenergic, non-

cholinergic11 nerve is a purine (probably adenosine triphosphate (ATP) or 

adenosine. This model is based on a number of lines of evidence which 

fulfill to varying degrees the criteria which must be met before any sub-

stance can be seriously considered as a neurotransmitter (Werman Z966). 

These criteria are listed below and will be discussed considering either 

adenosine or ATP as 1 ikely candidates. 

1. The substance and the enzymes necessary for its synthesis must be 

present. 

2. The substance must be released by nerve activation. 

3. Application of the substance must mimic nerve activation. 

4. A system for termination of responses must exist. 

5. Drug effects whether potentiation or antagonism should be similar when 

the nerve is activated or the substance is applied. 
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Synthesis 

This criterion states that the substance must be found in the site 

from which it is presumed to be released and that the precursors and 

mechanisms for its synthesis be available. 

Preformed purines are not required in the diet of mammals because 

all cells are able to carry out 11de novo" synthesis of adenosine and ATP 

(FPiedkin and RobePts Z954; Bohinsky Z9?3; Zimmer et aZ Z9?3) . Hence 

the transmitter (ATP or adenosine) is potentially available from all 

cell types. As an alternative to de novo synthesis, cells can reutilize 

the degradation products of adenosine and the adenine nucleotides to resyn

thesize ATP and adenosine via the salvage pathways (Roux Z9?3; Namm Z9?3; 

Bohinsky Z9?3), thus maintaining intracellular levels. In addition, it 

has been found that 3H adenosine is taken up by organs and tissues 

innervated by "non-adrenergic, non-cholinergic" nerves (Suet aZ ZB?Z; 

Kuchi et all Z9?3; Su Z9?5; Burnstock Z9?5b). In one case the site in 

which the 3H-adenosine was stored following uptake has been identified. 

Burnstock (Z9?2) reported that 1 iquid scintillation spectrometry of serial 

sections of the guinea pig taenia coli indicated that most of the 3H label 

was stored in nerves. 

lt seems clear that if either ATP or adenosine are considered as a 

putative transmitter there are mechanisms for fulfilling the criterion of 

availability for release. The first mechanism, synthesis, finds an analogy 

in the parasympathetic branch in which acetylcholine is synthesized from 

acetate and choline. The second mechanism, uptake, has its counterpart 

in the sympathetic branch in which norepinephrine is taken up by the 

postganglionic nerves. 
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Although this first criterion is adequately fulfilled with respect 

to ATP or adenosine, this by itself is not as convincing as with other 

substances such as acetylcholine. Because these substances are ubiquitous, 

the demonstration that nerves contain either adenosine or ATP is not by 

itself convincing evidence that these substances are neurotransmitter 

agents. 

Release 

In order to satisfy this criterion it must be verified that during 

activation of 11 non-adrenergic, non-chol inergic11 nerves the putative 

transmitter is released into the extracellular fluid (ECF). 

lt has been shown that purines (adenosine and ATP) are released by 

a number of preparations. These include brain, neuromuscular junction, 

electroplaque, heart, stomach and blood vessels. 

A number of studies have been undertaken which demonstrate that 

adenosine or its phosphorylated derivatives are released during field 

stimulation of brain tissue. Heller and Mcilwain (l9?3) preloaded super

fused slices of the lateral olfactory and optic tracts with 8 14c 

adenine; upon electrical stimulation increased amounts of labelled material 

were released. This material was identified as adenine nucleotides and 

their degradation products (ATP, AMP, adenosine and inosine), confirming 

the earlier findings of Pull and Mcilwain (l9?2a,b; l9?3) who used the 

superfused guinea pig neocortex preparations. Similar data were reported 

by Heller and Mcilwain (l973) from experiments using isolated preparations 

of the superior coil iculus and lateral geniculate body of the brain, 

stimulated via an incoming optic tract. Later Kuroda and Mcilwain (l974) 
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verified the release of 14c adenine nucleotides from neural tissue using 

electrically stimulated isolated synaptosome beds, although this output 

was not as large as that obtained with the neocortex preparation (Pull and 

MciZwain (Z9?2a,b; Z9?3). In addition to these in vitro experiments 

SuZakhe and PhilZis (l9?5) have demonstrated the in situ release of 3H-

adenosine and its derivatives from the pericruciate sensorimotor cortex 

of cats upon electrical stimulation. 

Utilizing a peripheral neural preparation, Silinsky and Hubbard 

(l9?3) and Silinsky (Z9?5) measured the release of ATP from the rat phrenic 

nerve hemidiaphragm. In a similar experiment using torpedo electroplaque, 

Meunier et al (l9?5) also demonstrated the release of ATP during nerve 

stimulation. The release of ATP in the former study was prevented by 

hemicholinium (blocks acetylcholine synthesis) suggesting a direct 1 ink 

between the release of ATP and acetylcholine. On the other hand, in the 

latter study Meunier et al (l9?5) provided evidence for a dissociation 

between acetylcholine and ATP release. They found that d-tubocurare (which 

blocks neuromuscular junction nicotinic receptors) decreased ATP release 

while that of acetylcholine was unaffected. Other isolated organs (heart 

and stomach) have been shown to release adenosine and/or ATP. Berne and 

coworkers (Berne Z964; Berne and Rubio l9?4; Rubio et al Z9?4) have 

found that following myocardial ischemia or hypoxia, adenosine was re-

leased into the extracellular fluid. Burnstock et al (Z9?0) presented 

evidence that the guinea pig and toad stomachs released adenosine or ATP 

into the perfusate in response to stimulation of the vagus nerves. These 

perfusates were tested on isolated atropinized (atropine blocks the 

muscarinic receptors) guinea pig taenia coli, and were found to be inhibi-

tory. Chromatographic analysis revealed that adenosine was the major 
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purine present in the perfusate. Because this preparation has ATP 

catabolizing enzymes, it was suggested that in actuality ATP was released 

by the ••non-adrenergic, non-chol inergic' 1 nerves and that the adenosine 

found was derived from the rapid degradation of ATP. A similar conclusion 

was made in a later paper by Satchell and Burnstock (Z9?Z) reporting the 

results of experiments quantitating the amounts of adenosine release by 

the stomachs of the guinea pig and toad. 

More recently, Paddle and Burnstock (Z9?5) measured the levels of 

ATP in the superfusate of guinea pig taenia coli. They found that in 

response to electrical stimulation of the intramural nerves (in the 

presence of guanethidine, which prevents norepinephrine release) there 

was an eight to twenty-fold increase in the superfusate levels of ATP; 

this is consistent with the hypothesis that ATP is released by the ••non

adrenergic, non-chol inergic 11 nerve. Utilizing a different approach to 

this problem Su (Z9?5) prelabelled rabbit vasculature (thoracic artery, 

ear artery, portal vein) with tritiated adenosine. When these preparations 

were electrically stimulated in the presence of either guanethidine or 

tetrodoxin (blocks the sodium channels essential in nerves for the genera

tion of action potentials) the release of ATP normally seen in response 

to the stimulus was abolished. These data suggested that the source of 

ATP in the rabbit vasculature was the adrenergic nerves in contrast to 

that found in the guinea pig taenia coli described above. 

To summarize, in a variety of preparations either adenosine or 

ATP is released upon stimulation. Available evidence supports the con

tention that these substances are neural in origin, probably 11non-adrenergic, 

non-cholinergic•• nerves. This criterion of release is fulfilled by either 

adenosine or ATP, supporting the view that either 



158 

of these substances could be a "putative" neurotransmitter. 

Mimicry 

lt is generally accepted that the addition of a pure preparation 

of a neurotransmitter (synthetic or natural in origin) to a biological 

system can mimic the effects of activating those nerves known to release 

this particular substance. The corollary of this is: if a known drug can 

mimic the effects of nerve activation, this drug becomes a candidate for 

nomination as the unknown transmitter substance. This corollary is one 

of the criteria a putative neurotransmitter must satisfy, if it is to be 

accepted as a true neurotransmitter. 

In l929, Drury and Szent-Gyorgyi found that the effects of stimulating 

the vagus nerve caused bradycardia in dogs and that administration of 

adenosine produced a similar effect. This was the first reported evidence 

that a purine could mimic the effects produced by nerve activation. 

Analogous results were obtained in studies in the lung (Bennett and Drury 

l93l; Bianchi et al Z963); here dilation was produced by a low conce-

tration of ATP, a response which could be elicited by stimulating the 

vagus nerve (Widdicome Z963). Later Robinson et al (Z97Z) demonstrated 

that the relaxation produced by activation of the vagus nerve was unaffected 

by antiadrenergic and anticholinergic drugs, thus identifying the effect 

as being due to "non-adrenergic, non-cholinergic'' nerve activation. 

In many other smooth muscle preparations (blood vessels, urinary 

bladder, gut) the actions of ATP and adenosine mimic the effects of 

stimulating ''non-adrenergic, non-cholinergic" nerves. 

The rabbit portal vein relaxes to both ATP and intramural nerve 
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stimulation following adrenergic blockade (Hughes and Vane l967). In the 

urinary bladder atropine resistant contraction occurs in response to 

pelvic nerve stimulation and exogenous ATP (adrenergic response is relaxa

tion) (Ambaahe and Zar l970; Burnstoak et al l972). The close resemblance 

in the response to exogenous ATP and adenosine can be best seen in the 

gut. The response to activation of the intramural nerves of the small 

intestine and colon of a variety of species is inhibition of gut motility. 

In all of these preparations adenosine and ATP cause relaxation (see review, 

Burnstoak l972). This action of adenosine and ATP on the smooth muscle 

wasnot blocked by antagonists of acetylcholine or norepinephrine; anti

adrenergic agents such as reserpine, guanethidine or 6-hydroxydopamine; 

finally tetrodoxin had no effect on these responses. In these preparations 

adenosine and ATP (in micromolar concentrations) were highly effective 

inhibitors of the longitudinal muscle mechanical activity. Similar ob

servations in other smooth muscle preparations (Ambaahe and Zar l9?0; 

Burnstoak et al Z970; l9?2a; SataheZZ et al Z9?3; Spedding et aZ Z9?5) 

confirm the presence of these ''non-adrenergic, non-cholinergic" inhibitory 

nerves, and mimicry of the nerve stimulated responses by adenosine and ATP. 

The electrophysiological responses of the guinea pig taenia coli 

muscle cells to "non-adrenergic, non-chol inergic11 nerve stimulation and 

exogenous ATP is hyperpolarization, similar to that produced by sympathetic 

nerve stimulation and exogenous norepinephrine. The cause of the hyper

polarization induced by the first two modes of stimulation is an increase 

in the potassium ion conductance whereas stimulation via adrenergic nerves 

and exogenous norepinephrine causes hyperpolarization by increases in the 

conductance of both the potassium and chloride ions (Tomita Z9?2; Tomita 

and Watanabe l9?3). 
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A comprehensive catalogue of species and their organs from which 

c these types of observations have been made is available in reviews by 

Burnstoak (79?2; l9?5a). 

In summary, adenosine and ATP mimic the effects of 11non-adrenergic, 

non-chol inergic11 nerve activation at either the mechanical or the electro-

physiological level and the criterion of mimicry has been adequately ful-

filled by these two purines. 

Inactivation 

Termination of the effects of neurotransmitters appears to depend 

on two mechanisms: (a) catabolism to inactive metabol ites, and (b) uptake 

of the neurotransmitter, lowering the concentration of the neurotransmitter 

in the vicinity of the receptors. 

- The uptake mechanism has been well documented as being the major 

one inactivating norepinephrine released by sympathetic nerve endings 

(Iversen and Callingham l970), while in parasympathetic branch catabolism 

by acetyl cholinesterase is the major inactivating mechanism (Michelson 

and Danilov l9?0). Although extracellular catabolism does occur in the 

sympathetic branch, this is a minor pathway for termination of responses. 

In the case of adenosine and ATP, uptake alone or metabolism followed by 

uptake, respectively, can provide a mechanism for inactivating these 

putative transmitters. 

If ATP were released into the extracellular fluid it could be 

degraded to adenosine by enzymes such as ATPase and 5 1 nucleotidase. Both 

of these enzymes have been shown to be partially extracellular on guinea 

pig leukocytes (De Pierre and Karnovsky l9?4a~b) and frog skeletal muscle 
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(Woo and Manery Z9?5). If adenosine were released or ATP converted to 

adenosine, this nucleoside could be removed from the extracellular fluid 

by uptake into cells. Once inside the cell adenosine could be degraded 

by adenosine deaminase (Shenoy and CZifford Z9?5) or reuti lized to synthe-

size ATP via the salvage pathways (Roux Z9?3; Maguire et aZ Z9?3; 

AgaruaZ et aZ Z9?5). These systems could effectively lower the concen-

tration of adenosine or ATP in the vicinity of its receptor site, thus 

terminating their effects. 

In summary two mechanisms have been identified which can rapidly 

terminate the effects of adenosine and ATP; therefore, this criterion has 

been satisfied. 

lt is debatable whether this criterion is useful in deciding whether 

a de nos i ne or ATP is the 11 non-adrenergi c, non-cho 1 i nerg i C11 neurotransmitter 

because these mechanisms are located in all cells (Bohinsky Z9?3). This 

contrasts with the situation seen in the adrenergic and cholinergic 

nervous systems where their major inactivating systems are discretely 

located in the vicinity of their respective receptors. 

DPUg effects 

The specific modification of the biological effects of a drug (agonist) 

by another drug (potentiation or antagonism) may be capitalized upon by 

investigators in attempting to identify the release of this agonist from 

endogenous sources. Such pharmacological manipulations have been used in 

attempts to identify the putative neurotransmitter re leased by ••non-adrener-

gic, non-chol inergic 11 nerves. 
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Potentiation 

Dipyridamole, a drug which blocks the uptake of adenosine in a 

variety of tissues (red blood cells, Bunang et aZ Z964; guinea pig heart, 

Hopkins Z973), has been documented as being able to potentiate the 

actions of exogenously added adenosine and ATP in a number of systems 

(Stafford Z966; Huang and Daly Z974b; SataheZZ and Burnstoak Z975; 

Kalsner Z975). Another drug which blocks adenosine uptake is hexobendine 

(Kolassa et al Z97Z; Huang and DaZy Z974b); this drug has also been 

shown to potentiate the action (dilation of coronary arteries) of exogenously 

added adenosine (Mainnes and Parrat Z969). Although these two drugs have 

been documented as being potentiators of the actions of exogenous adenosine 

and ATP, few researchers have examined the effects of dipyridamole and 

hexobendine on responses to activation of 11 non-adrenergic, non-cholinergic" 

nerves and to exogenously added adenosine and ATP in the same preparation. 

One such study was conducted by SataheZZ et aZ (l972), who found 

that dipyridamole (0.4 - 5 x 10- 7 g/ml) potentiated the inhibitory responses 

of the guinea pig taenia coli to transmural stimulation and to either 

exogenous adenosine or ATP. This potentiation did not occur with the 

responses to perivascular stimulation (which activates adrenergic nerves) 

or exogenously applied norepinephrine. 

These workers obtained similar results with hexobendine (I0-6 g/ml). 

However, the potentiation of "non-adrenergic, non-cholinergic" nerve 

stimulated responses and that to exogenous ATP were only half that obtained 

using dipyridamole. On the other hand, Huang and DaZy (Z9?4£) have shown 

that in the guinea pig brain these two drugs were equipotent inhibitors 

of adenosine uptake. This raises the possibility that the potentiation 

0 seen with hexobendine might be due in part to mechanisms other than 
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inhibition of adenosine uptake. Indeed, support of this was presented in 

the study of SatcheZZ et aZ (Z972), where the concentration of hexobendine 

used to block the actions of exogenous adenosine was ten times in excess 

of that which blocked a adrenergic receptors in this system. In addition, 

the potentiation caused by hexobendine was not reversed by washing while 

that caused by dipyridamole was reversible. 

Recently Nakatsu and Bartlett (Z979) demonstrated that dipyridamole 

antagonized the effect of adenosine (relaxation) on the rat small intestine. 

This was opposite to the predicted potentiation. In the same system a 

specific blocker of adenosine uptake, 6-[2-hydroxy-5-nitrobenzyl] thio-

inosine potentiated adenosine actions (Bartlett Z978). Thus the action 

of dipyridamole must have been as a result of some other mechanism of 

action. 

Antagonism 

Attempts have been made to obtain support for the 11 purinergic11 

hypothesis utilizing a number of drugs which antagonize the actions of 

exogenous adenyl compounds. Researchers have made use of drugs such as 

quinidine, phentolamine, tolazoline, yohimbine, imidazole, 2-2'-pyridylisa-

togen and metoclopramide in a variety of experimental models. Those 

studies which utilized the above listed drugs will be discussed with 

emphasis on whether the data contribute to the fulfillment by adenosine 

or ATP of the fifth criterion -- identical drug effects on responses to 

both 11 putative11 and endogenous transmitter substances. 

Adenosine and ATP produce a high grade heart block in the guinea pig 

(Stafford Z966) and it was later found that the antimalarial drugs, 

quinine and quinidine antagonized this action of the adenyl compounds 
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(Burnstock Z9?2). Attempts have been made to utilize these drugs as 

antagonists of "non-adrenergic, non-chol inergic11 nerve mediated responses 

and those due to either exogenous adenosine or ATP. Quinine (1 x 10- 5 

g/ml) had no effect on either exogenous ATP or transmural stimulation of 

the guinea pig taenia coli (Burnstock et aZ Z970). However, quinidine, 

the dextrorotary isomer of quinine, at a concentration of 2 x 10- 4 g/ml 

antagonized the individual inhibitory actions of adenosine, ATP and "non-

adrenergic, non-cholinergic" nerve activation (Burnstock et aZ Z9?0; 

Burnstock et al l9?2). This drug at a much lower concentration, 5 x 10- 5 

g/ml, blocked the relaxation of the taenia coli induced by norepinephrine 

or perivascular adrenergic nerve stimulation. This evidence that quinidine 

was a nonspecific antagonist was supported by the work of Spedding et al 

(l9?5) who found that quinidine (140 ~M) antagonized the relaxation of the 

guinea pig taenia caeci induced by either norepinephrine or isoproterenol 

yet was ineffective against ATP. 

Recently Manku and Horrobin (l9?6) showed that chloroquine, quinine 

and quinidine were prostaglandin antagonists in the mesenteric vascular 

bed. 

Other agents (phentolamine, tolazol ine and yohimbine) had been 

shown by Satchetl et al (Z973) to block the inhibitory effects of ATP and 

transmural stimulation of guinea pig taenia coli. These agents at the 

concentrations used (phentolamine, 0.18 mM; tolazol ine, 6.2 mM, yohimbine, 

0.14 mM) have other blocking actions, for example at~ adrenoreceptors 

(Nickerson and Collier l975). 

Earlier Rikimaru et aZ (l9?l) reported that imidazole in heroic 

concentrations blocked ATP induced relaxation of the guinea pig taenia 

coli, while being ineffectual against relaxation caused by activation of 

the "non-adrenergic, non-chol inergic 1
' transmitter substance. These data 



could not be reproduced by either Bowman and Hall (Z970) or SatoheZZ et aZ 

(Z973). The latter investigators suggested that the results of Rikimaru 

et aZ (l97Z) were due to improper control of the pH. They found that 

these large concentrations of imidazole (50 mM), raised the pH of the 

physiological solution to 8.5. When the pH was readjusted to 7, the same 

concentration of imidazole was ineffective in antagonizing relaxation 

induced by ATP or transmural stimulation of the 11 non-adrenergic, non-

cholinergic 11 nerves. 

In summary, quinidine, phentolamine, tolazol ine and yohimbine are 

all capable of blocking the actions of exogenous adenosine and ATP while 

also blocking the responses to activation of the 11 non-adrenergic, non-

chol inergic 11 nerves. However, these drugs have been shown to have other 

actions, hence any data provided in studies using these drugs are not by 

themselves compelling evidence in favour of the view that either adenosine 

or ATP is the ••non-adrenergic, non-chol inergic•• transmitter. 

lt has been reported that a new compound 2-2 1 -pyridylisatogen pro-

duced a specific blockade of the action of ATP on guinea pig taenia coli 

(HoopeP et al Z974) and that this drug also tended to block the effects 

of activation of ••non-adrenergic, non-chol inergic11 nerves. Spedding et aZ 

(Z9?5) have provided evidence that ATP antagonism by 2-2 1 -pyridylisatogen 

becomes irreversible after 30 min and reuqired concentrations in excess of 

12.5 ~M. Furthermore, this compound (40 ~M) did not antagonize the 

relaxation of the taenia coli following field stimulation of the 11non-

adrenergic, non-chol inergic 11 nerves. Recently, Spedding and Weetman (l9?6) 

reported that in the guinea pig caecum, 2-2'-pyridylisatogen was a much 

more potent antagonist against ATP-induced than against adenosine-induced 

0 relaxation. The significance of this finding remains unknown at this 
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time but suggests an ability to differentially block the action of these 

two purines. 

The specificity of this compound as an antagonist is questionable, 

because the dose ratio for adenosine in the presence of 2-2 1 -pyridylisatogen 

is similar to that for norepinephrine under identical conditions (Spedding 

and Weetman l9?6). Dean and Downie (personal communication) have found 

that this drug is also effective in depressing the cholinergic responses 

in the bladder. Recently Sakai et al (l9?9) reported that in the guinea 

pig vas deferens 2-2'-pyridyl isatogen was a specific blocker of ATP but 

not adenosine action. 

Another compound metoclopramide, a derivative of procainamide 

(a local anesthetic with quinidine-like actions) has been shown to oppose 

the actions of adenyl compounds. Okwuasaba and Hamilton (l9?5) reported 

that metoclopramide (0.1 and 1.0 ~M) antagonized the inhibitory actions 

of ATP, ADP and adenosine on intestinal smooth muscles of a number of 

species (guinea pig, rabbit and rat). In all of these smooth muscle pre

parations metoclopramide exhibited greater potency against ATP rather than 

ADP, AMP or adenosine-induced relaxation. In these studies this drug 

(metoclopramide) potentiated the effect (relaxation) of norepinephrine 

whereas Bury and Mashford (l9?6) demonstrated metoclopramide in similar 

concentrations also potentiated the effect (contraction) produced by 

exposure of the guinea pig ileum to substance P, acetylcholine and histamine. 

when the concentration of metoclopramide was increased (range 10- 6 - 10- 4 M) 

these contractions were dramatically reduced. This evidence suggests that 

the antagonism of adenosine and ATP might also be due to another action of 

metoclopramide other than that suggested. In addition, it is possible 

that the effects described by Bury and Mashford (l976) occur with the 
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adenyl compounds when lower concentrations of metoclopramide (< 0.1 ~M) 

are used. 

The studies discussed so far using drugs as pharmacological tools 

have all emphasized, paraphrasing Burnstock (Z972), that the most out-

standing gap in our knowledge of the 11 non-adrenergic, non-cholinergic" 

nervous system is the discovery of drugs which can selectively block or 

augment the effects of addition of the "putative'' transmitter (e.g. 

adenosine or ATP) and the responses to activation of these nerves. A 

drug which might help to fill this void is theophylline (a methylxanthine). 

Over the past decade it has become apparent that theophylline selectively 

and reversibly antagonizes the actions of exogenous adenosine and ATP. 

The earliest report of antagonism between the methylxanthines and 

the adenyl compounds was by NichoZs and WaZaszek (Z963); in their studies 

they found that intravenous caffeine blocked the fall in blood pressure 

caused by adenosine and ATP in a number of species (chickens, rabbit, 

cat and dog). Later De Gubareff and Sleator (Z965) demonstrated that 

adenosine inhibited the electrical activity of the isolated guinea pig 

atrium and this effect was blocked or reversed by caffeine, depending on 

the order in which the two drugs were added. 

In studies undertaken with brain tissue, Sattin and Rall (Z970) 

reported that adenosine and ATP (50 ~M) each induced a 20 - 30-fold in

crease in the adenosine 3' 5 1 cyclic monophosphate (cyclic AMP) content of 

guinea pig cerebral cortical slices. Adenosine-induced increases in cyclic 

AMP content were dose related with maximum stimulation at 100 ~M, at drug 

concentrations in excess of 500 uM adenosine became auto-inhibitory, produ-

cing a bell shaped dose response curve. When the dose response curve was 

generated in the presence of theophylline (0.5 mM), the rising portion of the 

curve was shifted to the right by a factor of ten, while the declining protion 
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was unaffected. Similar results were obtained using isolated neuroblastoma 

cells (Penit et al l9?6). Here too, theophylline (0.001 - 1.0 mM) caused 

c a rightward shift in the rising portion of the dose response curve 

suggesting that this antagonism seen with theophylline might be of a 

competitive nature. 

In the rabbit ileum, Ally and Nakatsu (l9?6) have shown that theo-

phyll ine but not its 7 substituted analogues,was a competitive adenosine 

antagonist. Neither adenosine nor theophylline compounds increased the 

tissue levels of cAMP (Ally l9?6). In similar studies using vascular 

smooth muscle (dog and guinea pig), Herlihy et al (l9?6) reported comple-

mentary data showing that neither adenosine nor theophylline, in biologi-

cal ly effective concentrations, had any effect on tissue cyclic AMP levels. 

In a study in which changes in tissue cyclic AMP levels and adenylate 

cyclase activity was monitored (McKenzie et al l9??), it was concluded 

that neither adenylate cyclase inhibition nor changes in tissue cyl ic AMP 

levels were part of the mechanism of the smooth muscle relaxant action of 

adenosine or ATP. 

In a more recent report, the potencies of 1-methyl-3-isobutylxanthine 

and isoamyl-3-isobutylxanthine were compared in relation to their smooth 

muscle relaxing and cyclic AMP elevating abilities. In pig coronary 

arteries isoamyl-3-isobutylxanthine was 2- 3-fold more potent in causing 

relaxation although it was one-tenth as potent as a phosphodiesterase 

inhibitor (Kramer and Willis l9??). 

The pool of data on brain slices has been expanded by Daly and eo-

workers (Huang et al l972; Schultz and Daly l9?3; Huang and Daly l9?4; 

Mah and Daly l9?6) verifying that theophylline antagonized adenosine-

induced formation of cyclic AMP. In situ~ Sattin (l97Z) had demonstrated 

c 



that theophy11 ine and caffeine (0.2 ~mol/g) effectively antagonized 

c cyclic AMP increases in mouse forebrain normally seen during seizures. 

Examining another parameter within the brain, (the firing rate of cortical 

neurons), Phyllis and Kostopoulos (l9?5) have shown that intravenous or 

iontophoretic administration of theophylline or caffeine blocked the 

depressant action of adenosine in a reversible manner. 

Similar data gathered from a variety of animal models have all 

documented the effective use of theophylline as an adenosine or ATP an-

tagonist. Some examples and the parameters monitored are: guinea pig and 

rat sinus rhythm (Shaumann et al l9?0); coronary blood flow in dogs 

(Afonso l9?0; Paolini and Wieken l9?5); blood flow, in renal artery and 

kidney in dogs (Osswald l9?5); and fat cell lipolysis (Sehwabe and Ebert 

l9?4) . 

Site of adenosine action 

In studies on coronary myocytes and atrial muscle cells with an 

a de nos i ne de r i va te of an"oiu .... ate 1"\ \N ( > 30,000 da I tons) Sahrader et al 

(l9?7) demonstrated that AMP-protein conjugate caused effects similar to 

those of free adenosine and AMP. Using 14C-radiolabelled cyclic AMP-

protein conjugates they demonstrated that no radioactivity was taken up 

by the tissues. In control experiments using cyclic AMP and 14C-adenosine 

significant incorporation was seen. They concluded that the data provided 

direct evidence for a cell surface receptor for adenosine as well as AMP 

action on coronary myocytes and atrial muscle cells. A similar conclusion 

had been made by Ally and Nakatsu (Z9?6) for the actions of adenosine and 

its phosphorylated derivatives in the rabbit ileum. These researchers 

0 also demonstrated that an intact adenosine moiety was essential for 
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receptor activation. 

In a recent study Verhaeghe et al (l977) showed adenosine and the 

adenine nucleotides relaxed strips of canine saphenous vein and tibial 

artery to a greater degree when they had been contracted by nerve stimula-

tion than by exogenous noradrenaline. The greater effect seen was a result 

of inhibition of noradrenaline release from the sympathetic nerve endings. 

Adenosine had no effect on either basal or tyramine stimulated neuro-

transmitter release, although it did reduce potassium (30 mM) induced 

efflux. The adenosine antagonist theophylline antagonized the inhibitory 

effect of adenosine (low concentration). High concentrations of adenosine 

(> 4 x 10- 4 M) increased the intraneuronal leakage of noradrenaline out 

of the storage vesicles. In in vivo experiments they also showed that 

adenosine inhibited saphenous venoconstriction induced by lumbar chain 

stimulation or infused noradrenaline. 

In similar experiments in the rabbit kidney (in vitro and in situ) 

in the canine subcutaneous adipose tissue (in situ) and guinea pig vas 

deferens (in vitro), Hedqvist and Fredholm (l976)found that adenosine 

significantly and reversibly depressed noradrenaline action and its release 

from the nerve endings. These researchers concluded that adenosine modified 

catecholamine responses by a mechanism independent of its direct effects 

on the smooth muscle. 

Adenosine and its related compounds are released from several 

tissues upon nerve stimulation (Burnstock l972; Suet al l9?l; Pull and 

Mcilwain l972). The amount of adenosine released appears to be of the 

same order of magnitude (10- 7 - 10- 5 M) as that found by Hedqvist and 

Fredholm (l976) and Verhaeghe et al (l9?7) to inhibit transmitter release. 

In the guinea pig heart Schrader et al (l977) found that isoproterenol 
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increased the adenosine concentration in the effluent within 45 secs 

0 from 10- 8 M to about 10- 6 M. lt thus appears that in the ventricular as 

well as in the vascular muscle adenosine serves two functions: the 

alteration of vascular reactivity which then limits the inotropic and 

metabolic effects of the catecholamines. as well as a negative feedback 

inhibition of neurotransmitter release. 

c 



0 
RESULTS 

Ade.no-6-&te. .inrubilion oil p!Le.MOJ!. !LUpovLJ.Je.-6 

Adenosine (2 x 10-6 to 4 x 10-3 M) was added to the buffer 

reservoir in a cumulative fashion and pressor responses to either injected 

noradrenaline or potassium ions were determined. As can be seen in 

Figure 51 adenosine had a very weak inhibitory effect on responses to 

injected potassium with a maximum inhibition of 20% at an adenosine 

concentration of 4 x 10- 3 M. In contrast, the dose response curve against 

noradrenaline was distinctly broken into two parts. The slope of the 

section between 2 x 10-6 M to 1 x 10-4 M was significantly greater 

(p < 0.01, ANOVA) when compared to the curve obtained between 1 x 10-4 M 

to 4 x 10- 3 M adenosine. The concentration of adenosine causing 50% 

inhibition was approximately 10-4 M (determined from Fig. 51). Because 

of the differential dependency of these two pressor substances on extra-

cellular and intracellular calcium stores, it appeared that adenosine 

might be acting only against that component of noradrenaline action 

dependent on intracellular calcium release. Adenosine did not alter base-

line perfusion pressures in these experiments as shown in the represent-

ative trace, Figure 52. 

Ade.nM.in e. .iniUbilio 11 o fi noJtad!Lel'l.aLLn e. !Le.-6 po 11.6 u in p!Lepa.Jta..t.lo 11.6 pe.JL 6 u.o e.d 

with tow calcium but)t)e.JL 

The calcium chloride was omitted from the normal buffer and the 

experiments were repeated; the free calcium in a buffer prepared in this 

manner is about 10- 6 M. In this situation, adenosine abolished noradren-

aline responses with a 1 inear log response curve over the entire 
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Fig.SI: Inhibition of pressor responses in the rat mesenteric vascular 
~ increasing concentrations of adenosine in the buffer. Potass
ium responses were studied in ordinary buffer and noradrenaline 
responses in both ordinary and calcium-free buffer. Six preparations 
were studied in each case. Prior to adding adenosine three test 
injections of the pressor agent were given and the mean pressor response 
taken as 100%. Pressor responses in the presence of adenosine are 
expressed as percentages of control ±SEM. 
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Fig.§~: Inhibition of pressor responses to noradrenaline by adenosine 
Wii'Fri"the preparations were perfused with buffer containing 64 llg/ml 
indomethacin and either 1 or 5 ng/ml PGE2. The indomethacin abolished 
pressor responses which were then partly restored by the PG. The 
experiments (six fn each case} were then performed as described in 
fig.SI. 
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Fig. 52. Inhibition of noradrenaline pressor responses by adenosine 
added to the perfusate. Adenosine did not alter basal perfusion 
pressure or the duration of each contraction. 
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concentration range (2 X 10-6 M to 4 x 10- 3 M, Fig. 51). The possibility 

that the adenosine effects might be solely due to alpha adrenoceptor 

blockade was eliminated by showing, in two experiments, that adenosine 

blocked angiotensin I I responses in a similar manner. In two experiments 

in which the calcium concentration was lowered to 2.5 x 10-4 M, the 

inhibition of noradrenaline pressor responses by adenosine was similarly 

potentiated (see sample trace, Fig. 54). 

The possibility of an interaction between adenosine and prosta-

glandins was first tested by repeating the study of adenosine inhibition 

of noradrenaline responses in preparations partially inhibited with indo-

methacin (8 ~g/ml, 2.2 x 10-5 M). This treatment moved the dose response 

curve to the left in an apparently parallel manner (data not shown). The 

action of adenosine was then studied in preparations in which prostaglan-

din biosynthesis had been abolished with indomethacin (64 ~g/ml, 1.8 x 

10- 4 M) and vascular reactivity partially restored by either 1 or 5 ng/ml 

PGE2 (2.8 x 10- 9 or 1.4 x 10-8 M). Once the indomethacin and PGE2 had 

been added to the buffer and pressor responses had stabilized, adenosine 

was then added to the buffer and pressor responses determined at five 

minute intervals until the responses plateaued. 

In the presence of the lower concentration of PGE2 (1 ng/ml, 2.8 x 

10-9 M), adenosine abolished noradrenaline pressor responses. Adenosine 

was not able to abolish noradrenaline pressor responses in preparations 

perfused with a higher concentration of PGE2 (5 ng/ml, 1.4 x 10-8 M). In 

the latter experiment a dose response curve similar to that obtained in 

control experiments was derived. This may be indicative of a restoration 

of the participation of extracellular calcium in noradrenaline 
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Eig. 54. The effects of adenosine on noradrenaline pressor responses in 
a preparation perfused with 2.5 x 10-4 M calcium containing 
buffer. Theophylline (5 x 10-6 and 80 x 10- 6 M) added to the 
perfusate did not reverse or oppose adenosine action. PGE2 
(l ng/ml, 2.8 x 10- 9 M) added to the perfusate with both adenosine 
and theophylline present partially reversed the inhibition. 
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contractions at the higher PGE2 concentration (Fig. 53). Adenosine 

therefore appeared to antagonize that component of prostaglandin action 

associated with the mobilization of intracellular calcium stores. The 

addition of PGE2 to the buffer after adenosine and theophylline (a purine 

an logue) can partially reverse the inhibitory effects of these substances 

(Fig. 54) . 

Pote.1tt)__cttion a& the. -i.nhibdany ac.tion a-6 ade.na-6-i.ne. by a tlvwmboxane 

.6 ynthetM e -i.nhibd.olt 

As noted above partial inhibition of prostaglandin biosynthesis 

with indomethacin (8 ~g/ml, 2.2 x 10-5 M) potentiated the inhibitory act-

ions of adenosine on noradrenaline contractions whereas potassium con-

tractions were unchanged. Using a more potent analogue of imida4o\e 

(1-benzyl imidazole) to partially inhibit thromboxane A2 biosynthesis, the 

effects of adenosine were again examined. 1-Benzylimidazole potentiated 

the actions of adenosine, shifting the dose response curve to the left. 

In Figure 55 the effects of adenosine at three concentrations (1 x 10- 5 , 

x 10- 3 M) in the presence and absence of 1-benzylimidazole 

(300 ng/ml, 1.9 x 10-6 M) are shown. As can be seen the inhibitory 

potency of adenosine was significantly enhanced at each concentration 

(p < 0.05 ANOVA). 

PGE2 antagon-i.-6m by ade.na-6-i.ne. in tymphoc.yte.-6 

In an unrelated experimental system (human lymphocytes transformed 

by Epstein Barr virus) PGE2 at low concentrations (2.8 x 10-1 2 M) signif-

icantly potentiated cell proliferation (p < 0.05 ANOVA). Increasing the 

concentration of PGE2 (> 2.8 x 10-1 2 M) caused a progressively increasing 
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imidazole (300 ng/ml, 1.9 x 10-6 M). *P < 0.05, ANOVA. 
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inhibitory effect on cell multiplication. Adenosine at the two concen-

trations tested ( 1 x 10-4 M and 2 x 10-4 M) inhibited the PGE2 stimu-

lated proliferation, shifting the concentration responses progressively 

rightwards (Fig. 56). Similar results were obtained with phythohemag-

glutinin stimulated human lymphocytes. 

StJwctWLa£ Jteq!.UJz.emel'lt!.l o6 pU!Une a.na£ogu.u fio!t a.c;t{.vi:tlj l.n the muente!tl.c. 

vMc.uia.Jt bed 

Having established that adenosine was a potent and effective inhi-

bitor of noradrenaline responses, it was of interest to examine the 

actions of several adenosine analogues in an attempt to exclude or impli-

cate activity at the classical ''adenosine 11 receptor (BU1Ut-6tock 1970; 7975; 

Ally and Nak~u 7976). 

The adenosine nucleotides, adenosine S'monophosphate (S'AMP) and 

adenosine 5'diphosphate (5'ADP) were both effective inhibitory agents in 

this preparation, though less potent than adenosine itself [Fig. 58, see 

Fig. 57 for structure). Other purine ribosides tested (2'deoxyadenosine, 

inosine, 1-benzylinosine and guanosine) were much less potent than aden-

osine. 

Adenine, which differs from adenosine by the absence of the ribose 

moiety at position 9 and from inosine by the absence of the ribose at 

position 9 and the presence of an amino group at position 6, was about 

half as potent as adenosine and twice as potent as inosine (Fig. 58). 

Guanosine, which can be regarded as an inosine analogue made by 

the addition of an amino group at position 2, was equipotent with inosine. 

The substitution of a benzyl group at position 1 (1-benzyl inosine), 

increased its potency to equal that of adenosine (Fig. 58). 
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F~g. 56. The effects of adenosine and PGE2 on lymphocyte cell prolifer
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From these data it appeared that maximal activity depended upon a 

structure similar to the adenine moiety of adenosine. With this in mind, 

a number of compounds structurally similar to adenosine were tested. 

The addition of a methyl group to the 6-nitrogen (6-N-methyl 

purine riboside) resulted in a significant increase in inhibitory potency 

(p < 0.01, ANOVA), whereas purine riboside itself was relatively inactive. 

Xanthine (2,6-dioxypurine) was equipotent with purine riboside, 

indicating that the ribose moiety was not essential for activity. This 

was further supported by the inhibitory activity of adenine (6-amino-

purine). This latter compound differs from adenosine by the absence of 

the ribose moiety and was about half as potent as adenosine. 

Increasing the basicity of the purine nucleus of adenosine by the 

introduction of a chloro group (2-chloroadenosine) significantly increased 

its potency (Fig. 58, p < 0.01, ANOVA) to equal that of 6-N-methyl purine 

riboside. 

As shown above, the ribose moiety was not essential for activity, 

however both 2'-deoxy- and 3'-deoxy-adenosine were less potent than 

adenosine (activity relative to adenosine~ 0.5, p < 0.001, ANOVA). In 
I 

contrast, 3' ,5'-cyclic adenosine monophosphate (cyclic AMP) and N6 ,02 -

dibutyryl 3',5'-cyclic adenosine monophosphate (dibutyryl cyclic AMP) 
_2 

were inactive in concentrations up to 1 x 10 M. Increasing the lypo-

philicity of cyclic AMP with the butyryl groups did not result in any 

discernable inhibitory action. This is in agreement with the results 

obtained with 1-benzyl inosine showing that this lipophilic analogue 

was not any more potent than adenosine itself. 

These data indicate that the inhibitory effect of adenosine was 

not mediated at the 11adenosine 11 receptor, because compounds inactive at 
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this receptor in brain (Hua»g et at 1972; Huang and V~ummond 1976) and 

smooth muscle (AUy and Naka:Uu 1976; He.!LUhy et at 1976) retain inhib-

itory activity in the mesenteric vasculature. 

2, 6 cUoxypwU.ne. analogue;., M pote.nt p~o.6tagfuncUn antagorU.6t6 

lt appeared that suitable substituents on the 2,6 dioxypurine 

moiety (xanthine) could possibly result in potent prostaglandin antagonist 

compounds. One such analogue, 2,6-dioxy-8-chloropurine, appeared slight-

ly more potent than 2,6 dioxypurine. In preliminary experiments 1 ,3,7-

trimethyl-2,6-dioxypurine (caffeine) appeared to be a fairly potent 

prostaglandin antagonist; however, this compound was relatively insoluble. 

A more suitable analogue was 1,3-dimethyl-2,6-dioxypurine (theo-

phylline). This compound, unlike adenosine, effectively inhibited both 

noradrenaline and potassium responses (Fig. 59); the concentrations of 

theophylline inhibiting pressor responses by 50% were: noradrenaline, 

1.1 x 10- 5 M, and potassium, 3.5 x 10-4 M. 

In two experiments, it was shown that theophylline inhibited 

noradrenaline responses in preparations perfused with indomethacin (64 

~g/ml, 1.8 x 10-4 M) plus PGE2 (5 ng/ml, 1.4 x 10-8 M). The effective 

inhibitory concentration range was 5.0 x 10-6 M to 5.0 to 10-5 M. 

Similar inhibition by theophylline of potassium pressor responses was 

senn in preparations perfused with indomethacin (1.8 x 10-4 M) plus 

either 1 ng/ml PGE2 (2.8 x 10-9 M) or 5 ng/ml (1.4 x 10-8 M) PGE2 

{Fig. 60). In this case the effective theophylline concentration range 

was 4.4 x 10-5 M to 1.4 x 10-3 M. 

The possibility existed that the effects of theophylline were the 

result of activation of the ''adenosine" receptor, since in a number of 
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F~g. 60. Inhibition of pressor responses to potassium by theophylline 
when the preparations were perfused with buffer alone or buffer 
containing indomethacin (1.8 x 10-4 ~) and either 1 ng/ml 
(2.8 x 10 9 M) or 5 ng/ml (1.4 x 10 8 M) PGE2. The 
indomethacin abolished pressor responses which were then partially 
restored by the PG. The experiments were then perfused as des
cribed in Fig. 59. Each point represents the response mean ± SE 
n 6. The responses in the presence of either 1 or 5 nq/ml 
PGE2 were significantly different from each other (p < 0.05, 

ANOVA) but not from those obtained in buffer only perfused prep
arations. 
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systems theophylline has been shown to have agonist/antagonist inter-

actions with adenosine (Sa;ttin and RaU 1970; BWttUtac.k 7975; Wy and 

Naka.Uu 1976). lt was therefore necessary to test a xanthine analogue 

which lacked these properties. Such an analogue, 7,(2,3) dihydroxyprophyl 

1,3 dimethyl 2,6-dioxypurine (diprophylline), was inactive as an adenosine 

antagonist in the rabbit ileum. This is in agreement with published data 

that ]-substituted methylxanthines lack adenosine antagonist action {Ally 

and Naka;t~u 7976). 

In a manner similar to theophylline, diprophyll ine antagonized both 

noradrenaline and potassium responses (Fig. 60). In contrast to theophyl-

line, the concentrations of diprophylline inhibiting noradrenaline and 

potassium responses were similar (1.2 x 10- 7 M to 7.7 x 10-5 M); however 

both compounds appeared to exhibit greater potency against noradrenaline 

responses (Figs. 59, 67). 

In three preparations perfused with indomethacin {64 ~g/ml, 1.8 x 

10-4 M) plus PGE2 (5 ng/ml, 1.4 x 10- 8 M), diprophylline inhibited nor-

adrenaline responses over the same concentration range. In this situation 

endogenous prostaglandin biosynthesis was blocked and pressor responses 

were dependent upon the exogenous PGE2. 

In preparations in which thromboxane synthesis was inhibited with 

imidazole (thus preferentially inhibiting noradrenaline responses) and 

vascular responsiveness restored with PGE2 (5 ng/ml, 1.4 x 10-8 M) ,dipro-

phylline inhibited noradrenaline responses (Fig. 6Z). 

In two experiments using 1,3-dimethyl-2,6-dioxypurine-7-acetic acid 

(theophylline-]-acetic acid), results similar to those described above for 

diprophylline were obtained. This analogue was also inactive as an adeno-

sine antagonist in the rabbit ileum (Ally and Naka.Uu 1976). 
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Fig. 61. Inhibition of pressor responses in the rat mesenteric vascular 
bed by increasing concentrations of 7-(2,3)-dihydroxyl-propyl 
1,3-dimethyl,2,6-dioxypurine (diprophylline) in the buffer. 
Prior to adding diprophylline, four test injections of the 
pressor agent were given and the mean pressor response taken as 
100%. Pressor responses in the presence of diprophylline are 
expressed as percentages of control. Each point shown represents 
M ± SE , n = 6. 
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F.tg. 62. Inhibition of noradrenaline pressor responses by diprophylline 
when the preparations were perfused with buffer alone or buffer 
containing imidazole (120 ~g/ml 2.2 x 10- 4 M) and PGE2 
(5 ng/ml 1.4 x 10 8 M). The imidazole abolished noradrenaline 
responses which were then partly restored by the PG. Before 
adding diprophylline to the perfusate four test injections 
of noradrenaline were given and the mean response taken as 
100%. Pressor responses in the presence of d..\.\'l~o~n'!\f\he are 
expressed as percentages of control ± SE , n = 5. Imidazole 
did not inhibit potassium responses whereas diprophylline did. 
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Neither theophylline, diprophylline nor theophylline-7-acetic acid 

antagonized the actions of adenosine in the mesenteric vascular bed. An 

example of such an experiment with adenosine and theophylline is shown in 

Figure 54. 

lhis compound has a distict chemical structure differing from that 

of the purines. lt is an effective vasodilator and appears to act pre-

dominantly on small resistance vessels in the coronary bed. lhe vaso-

dilator properties of dipyridamole have been ascribed to inhibition of 

adenosine deamination (Bunabg et at 1964; VeutieR and G~tlaeh 1966) and 

to inhibition of adenosine uptake into erythrocytes or other cells {Ko~~ 

et at 1962; Gentaeh et at 1964; Kubt~ et at 1970; Sta6&o~d 1966; 

He.Jt.Lthy et at 1976). If this was correct, then both adenosine and d i pyr-

idamole should have similar actions in the mesenteric vascular bed. 

Dipyridamole (4.9 x 10-8 M to 1.6 x 10-6 M} was added to the per-

fusion buffer in a cumulative manner. lhis compound inhibited noradren-

aline {Fig. 63) and angiotensin (2 experiments, data not shown) pressor 

responses at concentrations which had no effect on potassium responses 

(Fig. 63) or basal perfusion pressure. Dipyridamole inhibited both nor-

adrenaline and angiotensin pressor responses by approximately 50% at a 

concentration of 4 x 10- 7 M. In two experiments, PGE2 (10 ng/ml, 2.8 x 

10- 8 M) added to the perfusate after dipyridamole inhibition of noradrena-

line responses reversed the inhibition. lhis suggested the possibility 

that dipyridamole was perhaps a prostaglandin antagonist. 
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Fig. 63. The effects of dipyridamole in the perfusing buffer on responses 
to fixed doses of pressor agents. Results are expressed as 
percentages of the mean responses to either 10 ng norepinephrine 
or 43 millimoles potassium ions obtained prior to adding drug 
to the buffer. Each point represents the mean and SE for 6 
experiments. Dipyridamole inhibited norepinephrine pressor 
responses in preparations perfused with buffer but failed 
to cause any significant inhibition in preparations perfused 
with indomethacin (to Inhibit PG biosynthesis) plus PGE2 (to 
restore pressor responsiveness). Dipyridamole did not inhibit 
potassium responses in either buffer perfused or indomethacin 
plus PGE2 perfused preparations. 
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1Wo preparations were equilibrated with buffer from which the 

calcium was omitted. ~e effect of a concentration of dipyridamole which 

normally inhibited noradrenaline responses by 50% was then determined. 

~is concentration of dipyridamole (3.9 x 10-7 M) abolished noradrenaline 

responses. These data indicated that the action of dipyridamole was not 

similar to that of adenosine (see Fig. 57). 

Vipy!Udamo.te: 6aA.1.utLe to inlubu noJtadtLeV!.a,.[ine ptteMOJt ttel.!ponoe.o ,(11 

ptr..epa!La.tiono petr..6u.6ed with ivtdometha.c.in p.tu.6 PGE2 

Preparations were perfused with indomethacin (50 ~g/ml, 1.4 x 10-4 M) 

which abolished vascular responsiveness and presumably prostaglandin bio-

synthesis. Pressor responses were then partially restored with exogenous 

PGE2 (5 ng/ml, 1.4 x 10-8 M). Responses to three bolus injections of nor-

adrenaline were obtained at 5 minute intervals and dipyridamole was then 

added to the buffer reservoir in a cumulative fashion and its effects on 

pressor responses determined. Dipyridamole (Fig. 63), unlike adenosine 

(Fig. 53) did not inhibit noradrenaline responses. 

These data indicated that the action of dipyridamole was dissimilar 

to that of adenosine and was probably unrelated to its known inhibition of 

adenosine uptake. 

E66ec.t o6 hexobendine a.nd Udo6fuzine on vMc.uta.tr.. tr..e.opanoe-6 

Hexobendine, which is equipotent to dipyridamole as an inhibitor of 

adenosine uptake and phosphodiesterase enzyme activity (Hua.ng a.nd Vtr..u.mmond 

7976), was ineffective in the mesenteric vascular bed. Neither noradrena-

line nor potassium responses were inhibited at concentrations ranging from 
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1 X 10-8 M to 5 x 10- 6 M. 

Lidoflazine, a weak adenosine uptake inhibitor (Hu.a.ng and VJtummond 

7976} structurally unrelated to either dipyridamole or hexobendine but 

possessing quinidine like properties, inhibited both potassium and nor

adrenaline pressor responses at high concentrations (2 x 10-s M, 3 experi

ments). Perfusion of the preparations with indomethacin (20 ~g/ml, 5.6 x 

10- 5 M) inc.xa.a<s.ed the inhibitory effects of 1 idoflazine on noradrena-

line responses. Inhibition was now seen with much lower concentrations of 

lidoflazine (2 x 10-6 M). These data dissociated blockade of adenosine 

uptake from the biological activity seen with dipyridamole. 

Ade.rw!.l~ne.-cUpy!Lidamof..e. ~nteJtac..Uon 

In two experiments, noradrenaline pressor responses were partially 

inhibited with 1 x 10-4 M adenosine and dipyridamole {1 x 10-5 M) was then 

added to the perfusate. lhis concentration of dipyridamole inhibited 

adenosine uptake by approximately 80% (Huang and Vnummond 7976]. Dipyrid

amole abolished noradrenaline responses within 1 minute, whereas adenosine 

required 15 to 20 minutes to exert its maximal effect. The inhibition 

caused by dipyridamole was readily reversed (within 8 minutes) upon 

switching to buffer plus adenosine (Fig. 64). As shown in the sample 

trace, neither compound (adenosine nor dipyridamole) caused any changes in 

baseline perfusion pressure. 

Ade.no!.l~ne.-he.xobe.ncUne. ~nteJtac.t~on 

In 1 experiment, hexobendine (1 x 10-5 M) was added to the perfusate 

after adenosine (1 x 10-4 M), had no effect on pressor responses comparable 

to that noted above (Fig. 64). 
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Inhibition of pressor responses to noradrenaline by adenosine. 
After p~rtial inhibition by 1 x 10- 4 M adenosine,dipyridamole 
(l x 10 5 M) added to the perfusate abolished pressor responses. 
Upon switching to buffer containing adenosine (l x 10- 4 M} alone, 
responses returned to pre-dipyridamole amplitude. 
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DISCUSSION 

lhe observations made here exemplify the inhibitory effect of aden

osine on vascular responsiveness to noradrenaline and angiotensin but not 

to potassium. The former stimuli appear to mobilize primarily intra

cellular or loosely bound calcium whereas the latter stimulus is depenent 

on the presence of calcium in the extracellular fluid (Nonthov~ 1968, 

this study). 

As demonstrated in the earlier sections, vascular reactivity in this 

preparation appeared to require the presence of a number of prostaglandins 

or a particular prostaglandin. 

lhe interpretation of the data , is that adenosine either antagon

izes noradrenaline at its receptor or alternatively prevented the release 

of or prevented the mobilization of the activator calcium stores. 

The former can be dispensed with because adenosine also antagonized 

angiotensin actions, this latter stimulus acts independent of the a recep

tor. ~e maintenance of vascular responsiveness to potassium depolarization 

in the presence of high concentrations of adenosine negates any arguement 

that the contractile proteins were inactivated or somehow damaged. 

In experiments in which the calcium was omitted from the buffer no 

change in basal perfusion pressure was seen; this was in agreement with the 

much earlier report by Uehida and BoiVl [1969). In the experiments presen

ted here adenosine attenuated noradrenaline, responses to a significant deg

ree if a high enough concentration was used, though it did not abolish pre

ssor responses. lt thus appeared that adenosine acted by blocking that 

component of noradenaline contractions that utilized intracellular calcium. 

lt has been shown that calcium can stimulate smooth muscle prostaglandin 
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biosynthesis (Cob~n et al 1977) acting at a site on the plasma membrane 

(V,i,.e.gel and Cob~n) 1979). Increasing the extracellular calcium concen

tration was accompanied by a 200 to 300% increase in PGE2 levels. Thus 

part of the increased inhibitory activity of adenosine in low calcium 

buffer was probably related to decreased levels of endogenous prosta

glandins. 

lt has been suggested that in the guinea pig atria adenosine 

antagonized the movement of calcium across the plasma membrane (SciVtad~ 

et at 7975). Had the potassium responses been inhibited by adenosine, 

this would have provided data in favour of this suggestion. 

In an electrophysiological study using large and small coronary 

arteries Hand~ et at (1979) demonstrated that there are striking 

differences in adenosine effects in these two sizes of vessels. Despite 

similarities in resting potential (-55 mV) and input resistance (9.5 MQ), 

adenosine inhibited the calcium dependent current in only the small 

coronary arteries and had no effect in the large coronary arteries. In 

contrast, nitroglycerine had the opposite action in each vessel, whereas 

verapamil blocked the calcium dependent current in both the large and 

small coronary arteries. In the mesenteric vascular bed, verapamil blocked 

pressor responses to both noradrenaline and potassium (Fig. 72). 

~ese researchers (Handen et al 7979) attempted to reconcile their 

data by suggesting that the adenosine receptor was present in the small 

but absent in the large coronary arteries. They argued that the action of 

verapamil demonstrated that the mechanism of the genesis of the calcium 

dependent current was not different between the two sizes of vessels. lt 

is possible that activation of the adenosine receptor in the large artery 

does not prevent the passage of calcium across the plasma membrane, but 
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instead decreased the availability of intracellular calcium, as shown for 

the mesenteric vasculature. 

The inhibitory actions of adenosine on noradrenaline responsiveness 

could be potentiated by reducing the endogenous prostaglandin levels with 

indomethacin or 1-benzyl imidazole. In preparations perfused with suffi

cient indomethacin to abolish endogenous prostaglandin biosynthesis plus 

either 1 ng/ml or 5 ng/ml (2.8 x 10-9 M or 1.4 x 10-8 M) PGE2, adenosine 

inhibited pressor responses in a manner which suggested competitive inter

action with PGE2. 1his interaction subsequently altered the events of 

excitation-contraction coupling. 

~ese experiments did not give a definitive answer to the question 

of whether adenosine had to permeate the cell membrane. Calcium stores 

appear to be associated with the inner surface of the plasma membrane 

(Hinke 1965) and adenosine could possibly modify noradrenaline effects on 

these stores without entering the cell. Some support for this is the 

demonstration that A~, ADP and AMP were all effective inhibitors of 

responses (Fig. 58). ~ese phophorylated derivatives do not easily cross 

membranes [Stiiwali and Wint~ 1974) possibly because of their negative 

charge. Whatever the case, it appeared that adenosine interacted with 

prostaglandins, most likely TxA2 and PGE2, to inhibit vascular responses. 

Further support for an antagonism between adenosine and prostaglan

dins was provided by the results of experiments with lymphocytes. lt 

appeared that adenosine inhibition of lymphocyte division was antagonized 

by exogenous PGE2 added to the incubation media (Fig. 56). Adenosine 

inhibition of lymphocyte proliferation had previously been shown by 

Snyd~ et at (1976) and Hovi et at (1976) and had been shown to be the 

result of activation of a membrane bound receptor (Sernvantz et at 1978). 



c lhis inhibition is of clinical importance since in about half the patients 

with severe combined immunodeficiency disease there is a congenital 

deficiency of the enzyme adenosine deaminase, leading to elevated levels 

of adenosine (Ag~Dal et al 1976; Polm~t et al 1976). This immunodefi-

ciency appears to be dependent on the adenosine accumulation since in vitfto 

the affected lymphocytes can be made responsive to mitogens by exposure to 

adenosine deaminase, and in vivo considerable improvements can be acheived 

by transfusions of adenosine deaminase containing red blood cells {PolmaA 

et al 7976). In these lymphocytes, as in smooth muscle, activation is 

critically dependent on calcium {WUtne.y and Suthvrla.nd 1972). lt may 

be possible to enhance lymphocyte fuction in patients with adenosine deam-

inase deficiency by feeding arachidonic acid or by the use of prostagland-

in analogues, which may be less hazardous than repeated red blood cell 

transfusions. 

Previous studies by Kova;t;.,).;., et al (1976) have-demonstrated, physio-

logical antagonism between PGE2, PGAl, PGFl, NADP and SNAD on isolated 

rabbit jejunum. Earlier KovatJ.Ji;., et al (7974) had demonstrated a similar 

antagonism between PGA1/PGA2 and AMP/AlP in the same preparation while 

Bouittin et al (7972) have shown that PGEl was a competitive antagonist of 

ADP binding to platelets. In the guinea pig myometrium Vozi-VM-6ili.a.deo 

et al (7976) also demonstrated antagonism between PGE2, PGF2 and adenine 

nucleotides. lt therefore appears that adenosine, in addition to its 

other properties, can possess prostaglandin antagonist properties. lhe 

potentiation of the actions of adenosine by indomethacin and the thrombox-

ane synthesis inhibitor, 1-benzyl imidazole, provide further pharmaco-

logical support, which was further strengthened in the experiments with 

c the lymphocytes. lt remained to be determined whether a more potent purine 
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analogue could be identified using the mesenteric vasculature as a test 

system. 

lhe phosphorylated derivatives of adenosine (adenosine mono-, di-, 

tri-phosphates) were effective but less potent inhibitors. Other purines 

(2'-deoxyadenosine, inosine and 1-benzyl inosine) and guanosine were also 

less potent than adenosine. lt is interesting that the more lipid soluble 

1-benzyl inosine was less potent, indicating that the loss of the amino 

group in the 6 position was the primary cause of the lower potency. lhe 

activity of 6-N-methyl purine riboside in contrast to the inactivity of 

purine riboside, again highlighted the necessity of the 6-amino group. 

Introducing a chloro group onto the adenosine molecule, producing 6-chloro 

adenosine, significantly increased the inhibitory potency. 

In contrast to the requirements for the activation of the adenosine 

receptor in the ileum (Atty 1976), vasculature (Ang~~ at al 1971), taenia 

coli (Satehett and MeGuine 1975) and coronary vasculature (Cobbin et al 

1974), 2'- and 3'-deoxyadenosine retained biological activity as did 

adenine (2,6-dioxypurine). If adenosine had been acting at a receptor 

similar to that found in the above tissues, it would be expected that 

removal of, or alteration in, the ribose moiety would result in total 

inacitvity. lhus it appears that the site of action of adenosine differs 

from the classical ''adenosine" receptor. 

The antagonist of adenosine at this classical receptor is theophyl-

line (1,3-dimethyl-2,6-dioxypurine). This compound did not antagonize 

the inhibitory actions of adenosine, supporting the above conclusion. 

Theophylline was itself a potent PGE2 antagonist (Fig. 60). 

The posibility that adenosine was acting by increasing intracell-

c ular cyclic AMP was tested using cyclic AMP and its more lipid soluble 
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analogue N6 ,o 2 -dibutyryl-3' ,5'-cyclic AMP. Neither compound inhibited 

0 noradrenaline pressor responses. lt had been shown in the vasculature 

and gut that neither adenosine nor theophylline produced their effects by 

increasing cellular cyclic AMP (HVT.Uhy eA; M 1976; Af...iy 7976). lt had 

been shown that 2'-deoxyadenosine did not activate adenylate cyclase 

(ZhnmeJtman eA; M 1976), yet was able to inhibit noradrenaline responses 

in the vasculature. 

Because it is known that theophylline possesses agonist/antagonist 

interactions with adenosine (Sa:t:tin and Rill 1970; Af...iy eA; M 1976; Wahi 

and Ku.oc.lun6/<.!f 1976) it was necessary to rule out such an action in the 

mesentery. 

The compound dip rophy 11 i ne was not an adenosine an tag on is t yet was a 

potent inhibitor of noradrenaline responses, and an antagonist of PGE2 

c (Fig. 62). Compared to theophylline, diprophyll ine was a hundred fold 

more potent as a PGE2 antagonist, yet these compounds were eqipotent as 

phcsphodiesterase inhibitors (AmVt and K!tughbaum 7975). lhese data 

separate the action of theophylline from any action on the adenosine 

receptor since its analogue diprophylline, which is inactive at this 

receptor, retained and was an even more potent prostaglandin antagonist. 

Comparing the potency of methyl isobutylmethylxanthine, theophyl-

line and diprophylline as phosphodiesterase inhibitors, the rank order in 

potency is methyl isobutylmethylxanthine >theophylline~ diprophylline. 

As antagonists in the mesenteric vasculature the order was: diprophylline 

~methyl isobutylxanthine >theophylline. This dissociates their well 

known activity on the phophodiesterase enzyme from their actions described 

here. 

c With regard to adenosine and its derivatives, McKe.nz--le eA; CLt (1977) 
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have dissociated any action on the adenylate cyclase enzyme and tissue 

cyclic AMP levels, from their biological actions in inhibiting contrac-

tility of smooth muscle. ~ey showed that two compounds (adenosine-N 1
-

oxide and 6-isopentenyl-aminopurine riboside) which effectively relaxed 

smooth muscle did not cause any cyclase stimulation at concentrations up 

to 1 mM. In contrast, three compounds (including 2-amino-6-mercaptopurine 

ribonucleoside and 2 1 -deoxyadenosine) caused greater than 30% stimulation 

of the enzyme without possessing any relaxant activity. 

In the mesenteric vasculature both 2 1
- and 31 -deoxyadenosine were 

about half as potent as adenosine as antagonists of noradrenaline responses. 

~ese adenosine analogues did not activate the 11adenosine 11 receptor (Wy 

and Nalw;t6u. 1976; Mc.Kenz-Le et al 1977; Cobbin et al 1974). 

These data suggest that the effects of adenosine, its analogues, 

0 theophylline and diprophylline were independent of the 11 adenosine 11 receptor 

as defined in other tissues and appeared to be divorced from actions on 

either the adenylate cyclase or phosphodiesterase enzymes. 

Recently Scfmo~ et al (7979) demonstrated that PGI2, which had 

actions similar to adenosine in the mesenteric and coronary vasculature, 

decreased the level of cyclic AMP in the coronary arteries and inhibited 

the release of adenosine while, at the same time, causing vasodilation. 

In platelets, adenosine inhibited aggregation while the activity of 

adenylate cyclase was stimulated and inhibited by adenosine [Haoiam and 

Lynham 197Z). The activation of the adenylate cyclase was prevented by 

aminophylline (theophyll ine2 ethylenediamine) but not by papaverine or 

cyclic AMP. ~ey interpreted their data as indicating that the activation 

and inhibition of the adenylate cyclase were the result of two independent 

processes. 



c In the rat uterus the prostaglandin antagonist 7-oxa-13-prostynoic 

acid inhibited PGE1 induced contraction, however this compound did not 

inhibit PGE1 stimulation of adenylate cyclase. This then dissociates 

prostaglandin actions on contractility from their effects on the adenylate 

cyclase enzyme. 

Dipyridamole is a potent coronary vasodilator, thought to produce 

its effects by inhibiting adenosine uptake (Stafifio~d 7966). This compound 

was shown to be a pulmonary vasodilator in the intact dog when hypoxic 

vasoconstriction was present, as well as being a potent systemic vasodila-

tor (Mtezoeh et a£ 1977). Dipyridamole was also a phosphodiesterase 

inhibitor (tCSO, 6.2 x 10-5 M) whereas adenosine was inactive (F~edlwlm et 

a1 1978). 

In the rat mesenteric vascular bed dipyridamole inhibited noradren-

aline but not potassium pressor responses. Unlike adenosine and theophyl-

line, dipyridamole did not inhibit responses in preparations perfused with 

indomethacin plus PGE2 (Figs. 53, 60, 63). Thus the action of dipyrida-

mole was dramatically different from that of adenosine. lt is therefore 

unlikely that its mechanism of action was related to its known blockade 

of adenosine uptake. 

lhe actions of dipyridamole were more like those of imidazole and 

1-benzyl imidazole (thromboxane synthetase inhibitors). In this prepara-

tion after exposure to sufficient indomethacin to abolish prostaglandin 

biosynthesis, and the restoration of vascular reactivity with exogenous 

PGE2, thromboxane synthetase inhibitors did not inhibit vascular responses 

whereas prostaglandin antagonists did. In platelets, B~t et al (1978) 

and G~eenwald et al (7978) have shown that dipyridamole inhibited throm-

boxane synthetase, while B~t et a1 (1978) found that adenosine was 



inactive. In rat brain Abdul.la and Mc.FaJU.ane. (7972) have shown that 

c adenosine nucleotides (AlP, ADP} enhanced PGE2 synthesis whereas AlP 

inhibited PGE3 formation. In the presence of sodium ions, ATP, ADP and 

cyclic AMP had a biphasic effect on prostaglandin biosynthesis, low con-

centrations stimulating and high concentrations inhibiting prostaglandin 

biosynthesis. In kidney, spleen, spleen fat pad and heart, Nee.dle.man et 

al (1974) have shown that AlP and ADP, but not adenosine, stimulated 

prostaglandin biosynthesis. In addition neither 5'-AMP, adenosine, cyclic 

AMP, guanosine triphosphate or dipyridamole inhibited PGE2 release. The 

stimulation of prostaglandin biosynthesis (PGE2) by either ATP or ADP was 

unopposed by quinidine (a putative purine antagonist, BuJtn~todl 7972, and 

prostaglandin antagonist, Manku and HoMobin 1976) or dipyridamole 

(adenosine uptake inhibitor, Sta66o~d 7966, and thromboxane synthetase 

inhibitor, B~t et al 1978). Other thromboxane synthetase inhibitors did 

not inhibit the synthesis and release of PGE2 (Sun et al 7977; Nijkamp 

et al 7977). 

Recently Ogino et at [7979) reported that the purine metabolite 

uric acid, in mM concentrations, activated prostaglandin hydroperoxidase. 

This enzyme converts the 15-hydroperoxide of PGG to a hydroxyl group to 

produce PGH (Samu~~on 1976). Various other purine compounds tested 

did not have a similar action (adenosine, 5'-AMP, adenine, xanthine, hypo-

xanthine, inosine, 5'-inosine monophosphate, guanosine, 5'-guanosine mono-

phosphate, 3-iso-butyl-1-methylxanthine, allopurinol and urea). In addi-

tion the pyrimidine compounds tested were ineffective (cytosine, uracil, 

thymine, barbituric acid, isobarbituric acid, orotic acid and dihydro-

uracil). lt is therefore unlikely that any of the effects of adenosine, 

c its phosphorylated derivatives or its metabolites in the mesenteric 
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vasculature were the result of stimulation of prostaglandin biosynthesis. 

In the rat ileum Nak~u and Bantlett (7979) have demonstrated that 

dipyridamole anagonized the actions of adenosine, an effect opposite to 

that predicted. A specific blocker of adenosine uptake, 6-(2-hydroxy-5-

nitrobenzyl)thioinosine, did potentiate the actions of adenosine (Bantfett 

7978), thus the effect of dipyridamole was apparently by some other mech

anism of action. 

In the mesenteric vasculature bed hexobendine (an adenosine uptake 

inhibitor) did not inhibit noradrenaline pressor responses. Lidoflazine, 

a weak adenosine uptake blocker (Huang and Vafy 1976) with local anaes

thetic properties, inhibited both noradrenaline and potassium responses. 

In this preparation both procaine and quinidine appeared to be prostaglan

din antagonists (Manku and HoJVtob.tn 1976) and possess local anaesthetic 

properties. 

In summary, adenosine was a prostaglandin antagonist in the mesen

teric vasculature. This action was independent of activation of the put

ative 11adenosine11 receptor. The purine derivative 1 ,3-dimethyl-2,6-dioxy

purine (theophylline), was a more potent prostaglandin antagonist. The 

differential action of theophylline indicated that low concentrations had 

an adenosine like action whereas high concentrations inhibited potassium 

pressor responses. Dipyridamole had actions inconsistent with either 

inhibition of phosphodiesterases or adenosine uptake but consistent with 

the inhibition of thromboxane synthetase. Dipyridamole, unlike adenosine 

or theophylline, was not a prostaglandin antagonist. 



SECTION IV: PROSTACYCLIN 
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INTRODUCTION 

Prostacyclin (PGI2) can be synthesized by a wide variety of 

tissues including rat stomach (Pa~e-~ciaQ 7977), blood vessels (Bunting 

U a.l 1976), placenta (Mya..tt and EtdVt 1977), fetal blood vessels 

(Tennagno et at 1978), mesenteric artery [Wol6e U al 7979), peri

cardium, pleura, peritoneum, aorta, dura mater (HVLman u a.l 1978), lung 

(Lac..Qeman and HeJtman 1978), iris, ciliary body, conjunctiva 

[Bha..ttac.hVtjee u al 1978), rat and rabbit hearts (Ve Vec..I<.Vte et a.l 

1977) and ileac artery (S~nz~ngVt ~tal 1978). 

PGI2 was a potent dilator of blood vessels ~n v~vo (Smith et al 

7978) and ~n vJ..:t!ta (VMting u al 1977). In some blood vessels PGI2 had 

a biphasic effect, examples are: rat and rabbit coronary vessels 

{Kanmazyn U al 1978), guinea pig coronary vessels (Vuoting u al 1977) 

and human umbilical artery (Pomenantz et a1 1977). 

In platelets, PGI2 was a potent inhibitor of aggregation ~n v~vo 

and ~n vitno (C~ne U al 1978; Go~man 7979). Its mechanism of action 

was thought to involve stimulation of platelet adenylate cyclase (GoJtman 

et al 1977) and thus alteration of calcium availability and thromboxane 

biosynthesis. Recently GoJtman et a1 (1979) reported that the action of 

PGI2 in platelets was on the contraction secretion coupling mechanism, 

independent of its stimulation of adenylate cyclase. 

The effect of PGI2 in the guinea pig heart was to decrease coronary 

perfusion pressure while it relaxed isolated strips of bovine coronary 

artery. In these preparations PGI2 decreased the intracellular levels 

of cyclic AMP and inhibited the release of adenosine. The PGI2 mechanism 
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of action appeared to be associated with a decrease of adenylate cyclase 

0 activity. This therefore leaves a possible inhibition of the release of 

or action of calcium in the smooth muscle as the mechanism of action of 

PGI2. 

In the mesenteric vascular bed PGI2 blocked noradrenaline and 

angiotensin contractions and had no effect on potassium induced contrac-

tions. The actions of noradrenaline and angiotensin were independent of 

extracellular calcium, therefore PGJ2 could have prevented the release of 

calcium from intracellular or loosely bound membrane stores. 



c RESULTS 

Because exogenous PGJ2 could have been acting as an antagonist 

of an endogenously synthesized prostaglandin, the effect of a low 

concentration of indomethacin (10 ~g/ml. 2.8 x 10- 5 M) on PGJ2 (2.5 x 10- 10 

to 8 x 10-9 M) action was tested; the results are shown in Figure 65. 

As can be seen, partial inhibition of prostaglandin biosynthesis did not 

shift the PGJ2 concentration response curve. This suggested that PGJ2 

was not exerting its inhibitory action by antagonizing an endogenous 

prostaglandin. lt is however possible that if the ratios of the endogen-

ously synthesized prostaglandins had been maintained, then no antagonism 

would have been detected by examination of the PG12 dose response curves. 

An alternative way to test for a PGI2-PG interaction was to add a 

fixed amount of prostaglandin (PGE2), which potentiated noradrenaline 

pressor responses, and then to determine the effects of PGI2. As shown 

in Figure 65, PGE2 (2.8 x 10-8 M) did not shift the PGJ2 concentration 

response curve. When this experiment was repeated using PGEl (2.8 x 

10- 11 M), which, in contrast to PGE2 potentiated only noradrenaline 

pressor responses (Figs. 9, 70), a dramatic blockade of PGJ2 actions was 

seen (Fig. 66). Higher concentrations of PGEI, which by themselves 

partially inhibited noradrenaline responses, shifted the PGI2 concentra-

tion response curve to the left (data not shown). The slope of the PGJ2 

concentration response curve in the presence of a low concentration of 

PGE1 {2.8 x 10- 11 M, Fig. 65) was significahtly less (p < 0.001) than that 

obtained in its absence. 
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F~q. 65. The influence of PGI2 on potassium and noradrenaline pressor 
responses in the mesenteric vascular bed. The lack of effect of 
indomethacin (2.8 x lo- 5 M) and PGE2 (2.8 x lo- 8 M) on PGI2 
inhibition of noradrenaline contractions is clearly shown by the 
similar concentration effect line. As can be seen PGI2 does not 
inhibit potassium responses. Each point represents the mean 
± SE for six experiments. 
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Antagonism by 2.8 x lo- 11 M PGEJ of PGI2 inhibition of noradrenaline 
pressor responses (p < 0.001, ANOVA). PGEl was added to the 
buffer reservoir at the fixed concentration shown and control 
responses determined prior to the addition of PGI2. Pressor 
responses in the presence of PGI2 + PGEl are expressed as a % of 
responses obtained in the presence of PGEl before the addition of 
PGI2. Each point represents the mean ± SE for five or six exper
iments. 
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These data may be interpreted as the possible result of non-compet-

titive or functional antagonism between PGI2 and PGE1 (at low concentra-

tions) whereas at high concentrations PG12 and PGE1 appeared to interact 

in a synergistic manner. Because of the dual nature of PGEl actions, it 

was felt necessary to test a prostaglandin antagonist for its action on 

the PGI2 inhibitory effect. 

For these experiments theophylline was selected. In the presence 

of theophylline (1 x 10- 5 M) in normal buffer or in buffer containing 

indomethacin plus PGE2, the PGI2 concentration response curve obtained 

was shifted rightwards, parallel to the control curve (Fig. 67). 

In preliminary experiments it was noted that upon completion of a 

cumulative PGI2 dose response experiment that the effects of PGI2 were 

not readily reversed by perfusing with buffer alone. An example of the 

trace from such an experiment is shown in Figure 67. After perfusing the 

preparations with buffer for one hour, vascular reactivity had returned 

to 50% of normal (Figs. 68, 70). In contrast, if the preparations were 

perfused with a fixed concentration of theophylline (1 x 10-5 M) and a 

similar dose response experiment done, upon switching to buffer alone and 

perfusing for 20 minutes, vascular reactivity returned to approximately 

100% of predrug levels (Figs. 69, 70). Note that neither theophylline 

nor PGI2 altered the base line perfusion pressure. 
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data point shown represents the mean ± SE, n = 6. 
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Fig. 68. Influence of prostacyclin (PGI2) on noradrenaline pressor responses 
in the mesenteric vascular bed. PGI2 was added to the buffer 
reservoir in a cumulative fashion and noradrenaline responses 
determined at 4-5 minute intervals. Note the potent inhibition 
of contraction amplitude without any changes in baseline 
perfusion pressure. After one hour of perfusion with buffer 
alone, pressor responses were still depressed. The vertical 
bar represents 30 mm Hg (1 mm Hg = 133.3 pascals) and the horizontal 
bar 10 mins. 
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Fig. 69. Influence of theophylline {Jo-5 M) on PGI2 inhibition of noradre
naline pressor responses and the recovery of the vasculature 
from PGI2 inhibition of pressor responses. The vertical bar 
represents 30 mm Hg (1 mm Hg = 133.3 pascals) and the horizontal 
bar represents 10 mins. 
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F~g. 70. Recovery of vascular reactivity of mesenteric vascular bed from 
inhibitory effects of prostacyclin (1 x 10- 7 M) in control (a) 
and theophylline (1 x 10- 5 M) pretreated (b) tissues. As shown 
above within 20 mins. the pretreated preparations had completely 
recovered whereas up to 1 hour later control preparations had 
only recovered by approximately 50%. The data shown represent 
mean± SE for six experiments. *p < 0.001 (ANOVA}. 
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Summatty 

These data show that PGI2 inhibited vascular reactivity to nor-

adrenaline without altering baseline perfusion pressure and that 

endogenous prostaglandins synthesized by the vascular smooth muscle did 

not antagonize the actions of PGI2. Low concentrations of exogenous PGE1 

but not PGE2 antagonized the effects of PGI2 in an apparently non-compet-

titive manner. Theophylline antagonized the inhibitory actions of PGI2 

and protected the vessels from the residual depressant effect of exposure 

to high concentrations of PGI2 (1 x 10- 7 M) as indicated by rapid restor-

ation of pressor responsiveness upon perfusion with drug free buffer. 

c 
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DISCUSSION 

In this preparation, as noted earlier, the pressor response to pot-

assium ion depolarization depends on the influx of calcium through the 

plasma membrane to the contractile proteins. In contrast responses to 

noradrenaline depend partly on the release of intracellular calcium and 

partly on the entry of extracellular calcium. Indomethacin and other 

prostaglandin cyclooxygenase inhibitors blocked responses to both types 

of pressor agents (Manku. and HotUtobin 7976; Cou.pM and Mc.Lennan 1978). 

Prostacyclin had effects similar to those of imidazole, 1-benzyl 

imidazole, nicotinic acid and dipyridamole. The possibility that, like 

imidazole, PGI2 inhibited TxA2 biosynthesis was ruled out by the obser

vation that in preparations inhibited by 1 x 10- 4 M indomethacin and with 

vascular reactivity restored by the addition of exogenous PGE2, PGI2 was 

still able to inhibit noradrenaline pressor responses. In this preper-

ation under similar conditions as described above, imidazole, 1-benzyl 

imidazole and dipyridamole had no effect. 

In preparations perfused with one tenth normal calcium containing 

buffer, the effects of PG12 were slighty enhanced in that noradrenaline 

pressor responses were inhibited to a greater degree. 

There was no evidence of a competitive type of interaction between 

exogenous PGE2 or endogenous prostaglandins and PGI2, in contrast to the 

situation with adenosine, theophylline, papaverine and hydralazine (see 

previous sections for complete details of the effects of these drugs). 

The PGI2 concentration response curves were similar in preparations per-

fused with buffer, 10 ng/ml PGE2 (2.8 x 10-8 M), 10 wg/ml indomethacin 

(2.8 x 10- 5 M) and 64 wg/ml indomethacin (1.8 x 10-4 M) plus either 
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1 or 5 ng/ml PGE2 (2.8 x 10- 9 or 1.4 x 10-8 M). 

These data suggested that PGI2 did not interact with PGE2 at a 

common site. lt also ruled out any type of physiological interaction as 

suggested for TxA2 and PGI2 in human platelets (GoJunan 1979), where PGI2 

had one effect while PGE2 and/or TxA2 might have had an opposite effect. 

One possible mechanism would be a noncompetitive interaction of 

sites which are activated by TxA2. Since occupation and activation of 

these sites by endogenous TxA2 or exogenous PGE2 may be important in 

intracellular calcium release (GoJunan 7979; GoJunW1 et a1 1979), their 

inactivation in a noncompetitive manner could account for the observations 

made here, those of Sc.JvwJt e:t a1 (1979) in vascular smooth muscle and the 

blockade of platelet aggregation observed by Gonman (1979) and others. 

An alternate explanation would be that the interaction between PGI2 and 

some other substance, for example TxA2, was indirect, perhaps related to 

the mobilization and sequestration of calcium. Indeed, Gonman et a1 

(7979) have elegantly separated the stimulatory effect of PGI2 on the 

adenylate cyclase and its inhibition of platelet aggregation. Using an 

intracellular calcium antagonist they showed that the actions of TxA2 

synthesized from PGH2 were not inhibited by PGI2 nor was its ability to 

inhibit the adenylate cyclase enzyme (already stimulated by PGI2) 

prevented. Increasing the calcium concentration in the presence of PGI2 

still resulted in platelet aggregation. This suggested that PGI2 may, in 

addition, interfere with a calcium dependent process. 

In the rat mesenteric vasculature PGI2 appeared to block noradren

aline and angiotensin I I stimulation of contraction by preventing the 

release of intracellular calcium. The contractile proteins remained fully 
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functional because PGI2 did not inhibit potassium responses. It is 

therefore possible that PGI2 acted at some site proximal to calcium 

interaction with the contractile proteins. 

lt had previously been found that PGE1 antagonized PGE2 actions in 

the mesenteric vasculature (Manku et a£ 7976). At least part of this 

antagonism was noncompetitive since the maximal response to PGE2 was 

reduced. lt therefore seemed reasonable to test PGE1 for a possible 

interaction with PGI2. Low concentrations of PGEl effectively prevented 

PG12 inhibition of noradrenaline responses whereas higher concentrations 

enhanced PGI2 actions. The slope of the PG12 concentration response curve 

in the presence of a low concentration of PGE1 (Fig. 65) suggested a non

competitive antagonism. In contrast, high concentrations of PGE1 en

hanced PGI2 actions but did not alter the slope of its concentration 

response curve. 

These data suggested that PGEl was acting at two sites, each with 

a different affinity for PGEl, similar to the recent demonstration of two 

PGEl binding sites on human platelets by Siegl et al (7979). These 

workers found that PGEl was able to bind to both PGI2 sites whereas PGD2 

(another inhibitor of platelet aggregation) did not. Their data are com

patible with the above interpretation of PGEl action in the mesenteric 

vasculature. 

Accepting for the moment that TxA2 sites facilitated the release 

of calcium from intracellular stores, a model for the control of nor

adrenaline or angiotensin pressor responses can be proposed. PGI2, TxA2 

and PGE2 interact to modulate the release of intracellular or loosely 

bound membrane calcium without compromising the contractile proteins or 



the ATP synthesizing enzymes. The precise details of this interaction 

are presently unknown, however some speculation can be made. The data 

showed that neither cyclic AMP nor its lipophylic analogue dibutyryl 

cyclic AMP (up to 10-2 M} had any inhibitory effect on noradrenaline 

contractions. lt is therefore unlikely that the effects of PGI2 were 

mediated by cyclic AMP. In support of the is the recent report by 

Sc~04 et a1 (7979) showing that PGI2 decreased intracellular cyclic AMP 

in coronary arteries yet these same concentrations caused relaxation of 

the vessels. Additional less direct support are the data of Needleman 

et a1 (1979) showing that PGI3 and TxA3 inhibited both platelet aggre

gation and adenylate cyclase. In contrast, TxA3 (like TxA2) contracted 

vascular smooth muscle while PGI3 (like PGI2) caused relaxation. 

One would have to conclude that the ~1 7 double bond (the only 

difference between PG12 and PGI3) did not prevent PGI3 from activating 

the platelet adenylate cyclase. In contrast, the ~ 17 double bond in TxA3 

enabled it, unlike TxA2, to activate adenylate cyclase while preventing 

it from having TxA2 like actions. In the vasculature such fine discrim

ination did not appear to exist because TxA3 had effects indistinguishable 

from those of TxA2 (Needteman et a1 7979) even though it too might 

stimulate adenylate cyclase in vascular smooth muscle. 

In a comparative study, Cnane et al (1978) found that analogues of 

PGI2 were relatively less potent than PGI2 itself in inhibiting platelet 

aggregation. In contrast, these analogues were equipotent with PGI2 as 

contractors of gerbil colon and rat uterus. Here again, the conclusion 

was made that platelet receptors were much more discriminating than the 

smooth muscle receptors. 
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In the vascular bed theophylline, (well known as a phosphodies

terase inhibitor, IC50, 1 x 10-4 M, AmVt and KJtughba.um 1975), antagon-

ized the actions of PG12. Of particular interest was the finding that 

this compound, which also acted as a prostaglandin antagonist (Ma.nku e:t a.l 

7976; and data presented earlier), protected the vasculature from the 

long lasting inhibitiory action of PGI2. lt is plausible that exposure 

in vivo to high concentrations of PGI2 for a considerable lenght of time 

might result in arterial collapse. In this situation a prostaglandin ant-

agonist, if present in early stages, might prevent such a loss of vascu-

lar reactivity. Some support for this suggestion is found in the report 

by Ma.Q/tiedo et at (7973) showing that PGEl was beneficial in hemorrhagic 

shock. More recently, Cook et a.l (7979) showed that essential fatty acid 

deficient rats displayed a significant resistance to endotoxin shock (ess-

ential fatty acid deficient rats, 18% mortality vs 88% mortality in con-

trol rats), while KoJtbut et a.l [7978) used the prostaglandin cyclooxygen-

ase inhibitor, indomethacin, to prevent fatal hypotension in cats during 

circulatory shock. These data demonstrated that a product of polyunsat-

urated fatty acid metabolism via the cyclooxygenase complex was deleter-

ious in shock. A prime candidate for this role is PGI2 since,of the pros-

taglandins tested, it was the only one which occurred in vivo in concen-

trations high enough to produce a profound fall in blood pressure and 

perhaps have an irreversible effect on vascular reactivity. 
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SECTION V: PROSTAGLANDINS AND CALCIUM 

c 
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INTRODUCTION 

c 
lt was observed earlier that in preparations perfused with buffer 

plus indomethacin vascular reactivity to noradrenaline, angiotensin 

potassium, and calcium deploarizing stimuli was inhibited (Fig. l?). If 

prostaglandins were injected as a bolus into the arterial cannula of 

preparations perfused with indomethacin plus noradrenaline a transitory 

contraction (similar to noradrenaline contraction in normal preparations) 

was seen {Figs. ZB~ Z9~ 20). lt was also shown that the efficacy of 

adenosine in inhibiting noradrenaline responses was enhanced by either 

reducing the extracellular calcium {Fig. 5l) concentration or perfusing 

with a low concentration of indomethacin. In preliminary experiments the 

potency of indomethacin as an inhibitor of vascular reactivity was 

c increased by lowering the concentration of calcium in the perfusate; 

however, the time course for the inhibition was similar to that obtained 

using normocalcium buffer, as shown earlier (Fig. 34). For these reasons 

it was of interest to investigate the effects of calcium in this preparation 

and attempt to elucidate its mechanism of action using several pharmacolo-

gical probes. 
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RESULTS 

Effect of the calcium ionophore A 23l87 on pressor responses 

In preparations perfused with normocalcium buffer A 23187 (1 .9 x 

10- 11 to 1.9 x 10- 7 M) inhibited noradrenaline pressor responses in a 

concentration dependent manner (Fig. 7l). In contrast, potassium pressor 

responses were partially (approximately 20%) inhibited by the ionophore 

at a concentration of 1.9 x 10- 8 M. Higher concentrations of the ionophore 

had the opposite effect, enhancing potassium pressor responses (Fig. 7l). 

At these higher concentrations of the ionophore, noradrenaline responses 

were abolished. 

Effect of the calcium antagonist~ verapamiZ on pressor responses 

Verapamil added to the buffer (normal calcium concentration) 

perfusing the isolated mesenteric vascular bed inhibited pressor responses 

to noradrenaline and potassium ion depolarization over a similar con

centration range (2.2 x 10- 8 M to 1.4 x 10- 6 M). At the higher concen

trations of verapamil tested (7.02 x 10- 7 M and I .4 x 10- 6 M), this 

compound was significantly more potent against noradrenaline pressor 

responses (p < 0.05, ANOVA, Fig. Z2). 

Calcium ionophore - calcium antagonist interaction 

Adding the calcium ionophore A 23187 (1 x 10- 6 M) after verapamil 

inhibition of noradrenaline pressor responses failed to reverse the 

inhibition. When the reverse experiment was done verapamil itself did 

not oppose the inhibitory effect of the ionophore A 23187. Neither compound 

was able to prevent the actions of the other. 
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Fig. 11. Effect of the calcium ionophore A23187 on potassium and noradre
naline contractions of the mesenteric vasculature. Preparations 
were perfused with physiological salt solution to which A23187 
was added in increasing cumulative concentrations, final concen
trations shown in figure. As can be seen noradrenaline responses 
were inhibited in a concentration dependent manner whereas 
potassium responses were partially inhibited over the concen
tration range 1.9 x 10- 11 M to 1.9 x Jo- 8 M; higher concentrations 
of the ionophore increased potassium pressor amplitudes. Each 
point represents the mean ± SE for six experiments. 
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Verapamil - extraaellular fluid calcium interaction 

Verapamil as shown above inhibited the pressor actions of both 

noradrenaline and potassium. In this preparation noradrenaline appeared 

to mobilize primarily intracellular calcium stores. lt was therefore of 

interest to determine the responses to a fixed concentration of nor-

adrenaline in the presence of 2.2 x 10-6 M verapamil and varied calcium 

concentrations. This concentration of verapamil was selected because, 

in the presence of 2.5 x 10- 3 M calcium ions, it had no apparent action 

on noradrenaline responses (Fig. ?2 and Fig. 73). Lowering the extra

cellular calcium concentration to 5.0 x 10-4 or 1.0 x 10- 6 M dramatically 

enhanced (p < 0.001 ,ANOVA) the inhibitory effect of verapamil (2.2 x 10- 6 

M). In the presence of 1.0 x 10-6 M calcium, verapamil (2.2 x 10- 6 M) 

inhibited noradrenaline responses by about 90% (Fig. 73). 

Indomethacin potentiation of verapamil action 

Indomethacin, a prostaglandin cyclooxygenase inhibitor, at a 

concentration of 2.8 x 10- 5 M, shifted the dose response line for verapami1 

inhibition of noradrena1 ine pressor responses to the left, significantly 

increasing its potency (p < 0.001, NOVA, Fig. 74). Infusion of PGE2 

(2.8 x 10- 9 to 2.8 x 10- 8 M) titrated to a concentration which reversed 

the indomethacin inhibition of noradrenaline pressor responses, did not 

prevent verapamil inhibition of noradrena1 ine contractions. A lower con

centration of indomethacin (1.4 x 10- 5 M) did not have as significant a 

potentiating effect on verapamil action (p < 0.05,ANOVA, Fig. 72). 

To further analyze the actions of calcium in the mesenteric 

vascular bed it was decided to use dantrolene, a compound which had been 
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(o) responses. Each point shown represents the mean ± SE for 
six experiments. Asterisk significantly different (p < 0.05, 
ANOVA) from noradrenaline responses. 
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EFFECT OF EXTRACELLULAR CALCIUM CONCENTRATION 
ON INHIBITION OF NORADRENALINE PRESSOR RESPONSES 

BY fOng/ml VERAPAMIL 

Fig. 
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73. Effect of extracellular calcium at three concentrations on vera
pamil (2.2 x lo-6 M) inhibition of noradrenaline pressor responses. 
Preparations were equilibrated for two hours in buffer of the 
appropriate calcium concentration and control responses determined 
prior to the addition of verpamil. All subsequent responses 
were expressed as a% of mean response amplitudes obtained prior 
to the addition of verapamil. Each point shown represents the 
mean ± SE for six experiments. 
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EFFECT OF INDOMETHACIN ON INHIBITION 
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Fig. 74. Effect of pretreatment with indomethacin (1.4 x Jo- 5 and 2.8 x lo-s M) 
on verapamil (8.8 x 10-6 M) inhibition of noradrenaline responses. 
Preparations were equilibrated for forty minutes in the presence 
of each concentration of indomethacin and control responses 
determined prior to the addition of verapamil. Response amplitude 
to the same concentration of noradrenaline in the presence of 
verapamil are expressed as a percentage of control responses. 
Each point represents the mean ± SE for six experiments. 
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shown to be devoid of any calcium antagonist properties, and which did 

not inhibit the uptake of calcium (Desmedt and Hainaut l9??). lhis 

compound is thought to inhibit the release of calcium from intracellular 

stores by antagonizing the movement, or action of an endogenous ionophore 

(Morgan and Bryant Z977). 

Effect of dantrolene on pressor responses 

Dantrolene infused through the mesenteric vascular bed inhibited 

noradrenaline responses in a concentration related manner (Fig. 75). 

The concentration of dantrolene causing 50% inhibition of noradrenaline 

responses was approximately 6.4 x 10- 7 M (from Fig. 75). Similar results 

were obtained in two experiments in which angiotensin I I was used as the 

pressor substance (data not shown). Unlike the calcium antagonist 

verapamil, dantrolene had no inhibitory effect on potassium pressor 

responses (Fig. 75). 

Dantrolene - extracellular calcium interaction 

In preparations perfused and equilibrated with buffer containing 

approximately 1 x 10-6 M calcium (made by omitting CaC12 from the normal 

buffer), the effect of dantrolene was significantly enhanced (Fig. ?6). 

A concentration of dantrolene (3.2 x 10- 7 M) which inhibited noradrenaline 

pressor responses (normocalcium buffer) by 25% now caused an inhibition 

of approximately 60%. These values were significantly different (p < 

0.001, ANOVA). In experiments using an intermediate concentration of 

calcium (2.5 x 10-4 M) a concentration response line intermediate between 

those shown in Figure 76 was obtained. No significant enhancement 
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Fig. 75. Effect of dantrolene on vascular responses to noradrenaline in 
the absence (o) and presence of (e) imidazole (5.6 x Jo-4 M), 
and on potassium contractions (•)· Dantrolene was added in 
increasing cumulative concentrations and its effect determined 
on pressor response amplitude to intra-arterial injections of 
fixed amounts of noradrenaline and potassium. 
04dinate: Response amplitude as a percentage of control. 

Ab.6cLMa: Dantrolene concentration. Inset shows a Hofstee 
plot for the noradrenaline responses of preparations 
perfused with increasing concentrations of dantrolene 
in the absence and presence of 5.6 x lo- 4 M imidazole. 
Ordinate: percentage inhibition of pressor response. 
Abscissa: percentage inhibition M-1. The respective 

regression equations are (o) y =-4.34 x 10- 7 
~M+ 79; and (o) y = -1.6 x lo-7 xM + Bo. 

Each point represents the mean i SE for six experiments. 
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Fig. 16. Effect of dantrolene on noradrenaline pressor responses in prep
arations perfused with normal calcium (o) containing buffer 
and those perfused with a calcium free buffer (e, made by 
omission of calcium from normal buffer). As can be seen, in the 
latter situation the dantrolene concentration effect line is 
significantly increased, although the effect of the lower con
centration 1.6 x 10- 7 M is not increased. Each point represents 
the mean± SE for six experiments *P < 0.001, ANOVA. 
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of the effect of the low concentration of dantrolene tested (1.6 x 10- 7 M) 

was seen at any of the two lower calcium concentrations. The significant 

difference in the slopes of the dantrolene concentration response lines 

shown in Figure 76 suggest a complex interaction, not necessarily the 

result of a direct antagonism between dantrolene and calcium, perhaps 

more of a physiological antagonism via some intermediate. 

Dantrolene appeared similar to imidazole, adenosine, and dipyridamole 

in that it preferentially inhibited noradrenaline pressor responses and, 

like verapamil, its effects were potentiated by reducing the buffer calcium 

concentration. lt was therefore necessary to determine if it was an 

antagonist of prostaglandin(s) action or an inhibitor of their biosynthesis. 

DantroZene - prostaglandin antagonism 

If dantrolene was an antagonist of prostaglandin action its effect 

would be expected to be enhanced by decreasing the levels of endogenous 

prostaglandins. Indomethacin (2.2 x 10- 5 M) shifted the dantrolene con-

centration response line to the left of control (three experiments). The 

thromboxane synthetase inhibitor imidazole (5.6 x 10- 4 M),similarly shifted 

the dose response 1 ine to the left of control (Fig. ?5). A similar 

parallel intermediate concentration response 1 ine was obtained using a 

lower concentration of imidazole (7.4 x 10- 5 M, four experiments). This 

parallel shift was similar to that obtained for the TxB2 concentration 

response line in the presence of imidazole (Fig. 49 ). 

Analysis of these data (dantrolene, Fig. 75 inset) by a graphical 

method (Hofstee Z952; Dowd and Riggs Z965) revealed that in the presence 

of imidazole, the apparent affinity of dantrolene for its active site 
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was increased while its maximum inhibitory effect was unchanged. This 

is consistent with the suggestion of competitive antagonism of TxA2 

by dantrolene. 

In two experiments, noradrenaline responses were maximally 

inhibited with indomethacin (1 .8 x 10- 4 M) and vascular responsiveness 

restored with PGE2 (2.8 x 10- 7 M). After three control reponses were 

obtained, dantrolene was added to the buffer reservoir in a cumulative 

fashion and pressor responses determined at each concentration. Under 

these circumstances dantrolene remained a potent inhibitor of noradrenaline 

responses unlike imi~azole, !-benzyl imidazole and dipyridamole. In 

these experiments dantrolene did not inhibit potassium contractions. 

These data demonstrated that dantrolene can apparently antagon.ize 

the actions of both endogenous and exogenous prostaglandins. The 

resultsof theexperiment using a thromboxane synthetase inhibitor 

(imidazole) provided evidence suggesting that it did antagonize TxA2. 

The demonstration that the effects of dantrolene were opposed by 2.5 x 

10- 3 M calcium (Fig. ?6) suggested that a more classical prostaglandin 

antagonist should be examined and its interaction with extracellular 

calcium documented. 

Effect of towering extraceUuZar caZciwn on the potency of "NOZ64" 

This compound is a member of a class of prostaglandin antagonists 

synthesized from phloretin and phosphoric acid whose spectrum of activity 

was reviewed ear 1 i er. 

In the mesenteric vascular bed perfused with normal buffer 

(2.5 x 10-3 M calcium) N0164 selectively inhibited noradrenaline pressor 
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responses, the effective concentration range being 4.7 x 10- 8 M to 

7.52 x 10- 7 M (Fig. 77). This compound also inhibited potassium pressor 

responses but at much higher concentrations (7.52 x 10- 5 M), similar to 

the findings for theophylline (Fig. 59). In preparations perfused with 

low calcium buffer (2.5 x 10-4 M), the N0164 concentration response I ine 

was shifted to the left of that obtained using normal calcium buffer 

(2.5 x 10- 3 M). These results are shown graphically in Figure 77. In 

one experiment the preparation was perfused with very low calcium con

taining buffer (1 x 10- 6 M calcium) and the effect of a single concentra

tion of N0164 (3.6 x 10 7 M) determined. This concentration of N0164 

abolished noradrenaline responses. In normal calcium buffer (2.5 x 10- 3 M 

calcium) this concentration of N0164 inhibited noradrenaline responses 

by approximately 25% (Fig. ?6). 

These data show that noradrenaline pressor resonses can be 

inhibited by a calcium antagonist (verapamil) and paradoxically by a 

calcium ionophore (A23187). These responses are also inhibited by PGEl, 

PGI2, indomethacin, imidazole and dantrolene. Of these latter compounds, 

indomethacin is a cyclooxygenase inhibitor, imidazole a thromboxane 

synthetase inhibitor and dantrolene an apparent thromboxane A2 antagonist. 

lt was decided to compare the effect of these three drugs on 

calcium concentration response curves using noradrenaline as pressor 

agent. The results of these experiments are shown in Figure 78. As 

can be seen in the control bell shaped curve (buffer alone), calcium had 

a biphasic effect on pressor responses, the point of inflexion occurring 

at a calcium concentration of about 1 x 10-4 M. At this concentration 

pressor responses were maximally potentiated by about 120%. Further 

increases in calcium concentration led to progressive decreases in 



c 

~ 

~ 

c 

-.I 
0 
Q:: ...... 
z: 
0 
u 
LL. 
0 

~ 
V) 
-c:( 

I.U 
Q 
:::::> ...... --.I 
Cl.. 
:E 
-c:( 

I.U 
V) 
2: 
0 
Cl.. 
V) 
Lu 
0:: 

220 

180 

140 

100 

60 

20 

• BUFFER ALONE 

o 100ng/ml DANTROLENE 

a 38)J91ml IMIDAZOLE 

o 20)Jglml INDOMETHACIN 

rxro-6 5x10·6 f x1Q-5 5 xro·5 rxro-4 5x1Q-4 rxro-3 5xro-3 

CALCIUM M 

Fig. 7 8. Influence of increasing concentrations of extracellular calcium 
(1 x 10-6 M to 5 x 10-3 M) on noradrenaline contractions in the 
absence 1•) and presence of 3.2 x 10-7 M dantrolene (a), 
5.6 x 10 4 M imidazole(~) and 5.6 x 10 5 M indomethacin {o). The 
potentiating action of calcium on noradrenaline contractions 
was significantly attenuated by all three drugs (p < 0.05, ANOVA). 
Each data point shown represents the mean± SE, n = 6. 



c 

c 

0 

pressor amplitude. At a calcium concentration twice normal (5 x 10- 3 M) 

pressor responses were now only potentiated by about 80% (above responses 

obtained in 10- 6 M calcium buffer), a 40% reduction from the maximum 

stimulation seen at 1 x 10- 4 M calcium. 

Each agent tested, dantrolene (3.2 x 10- 7 M), imidazole (5.6 x 10-4 M) 

and indomethacin (5.6 x 10- 5 M), was able to prevent the calcium induced 

increase in noradrenaline pressor response amplitude but not the inhibitory 

effects of high calcium concentrations. 

Dantrolene prevented the increase in pre.::.~o ... amplitude in 

response to increasing concentrations of buffer calcium. The inflexion 

point for the concentration response curve was shifted from 1 x 10-4 M to 

1 x 10- 5 M calcium. The pressor responses at the highest concentration 

of calcium tested were equilivalent to those at 1 x 10-6 M calcium. The 

thromboxane synthetase inhibitor imidazole abolished the rising phase of 

the calcium concentration curve (l x 10- 6 M to 1 x 10- 4 M) whereas the 

falling phase (1 x 10- 4 M to 5 x 10-3 M) was unaffected. The cyclooxygenase 

inhibitor, indomethacin, also abolished the rising phase of the calcium 

concentration response curve and had no effect on the falling phase. 

SWJ7mar>y 

These data, using pharmacological agents acting at differing stages 

of prostaglandin biosynthesis or action, suggested that the potentiation 

of noradrenaline pressor responses by increasing the calcium concentration 

from 1 x 10- 6 M to 1 x 10-4 M was dependent on the action of a prostaglan

din. The blockade by both imidazole and indomethacin indicated that·tne 

calcium ions either facilitated or stimulated prostaglandin biosynthesis. 



The inhibitory actions of dantrolene are consistent with the view that 

c the action of a prostaglandin was responsible for the potentiation seen. 

The inhibitory or falling phase of the calcium curve at concentrations 

greater than x 10- 4 M appear to be independent of either prostaglandin 

synthesis or a dantrolene-sensitive prostaglandin action. 
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The calcium ionophoreA 23187 is being increasingly utilized 

because of its selectivity for the divalent calcium cation. This allows 

the researcher to bypass the normal calcium translocating mechanisms in 

a number of cellular systems (Reed and Lardy Z9?2; Z9?3; Knapp et al 

l9?7; Lapentina et aZ Z9?8; Diamant et aZ l9?8; Rosenberger and Triggle 

l9?9). The data from many of these studies show a dependence of A-23187 

action on extracellular calcium and are consistent with the demonstrated 

ionophore mechanism of action (TriggZe et al l975; Knapp et al l9??). 

A number of studies have however, shown that A 23187 can initiate calcium-

dependent events in the absence of extracellular calcium (see Rosenberger 

and Triggle Z978), indicating thatA 23187may act directly at intracellu-

Jar calcium stores. 

The data presented here showing A 23187 inhibition of noradrenaline 

but not potassium responses is consistent with the view that it depleted 

the intracellular activator calcium stores. In experiments using low 

calcium (10- 6 M) buffer, similar data, i.e. inhibition of noradrenaline 

responses (contraction) wereobtained. 

A 23187 lowers ATP levels in some cells (Reed Z976); however, 

Knapp et aZ (l9??} have shown that A-23187 up to 5 x 10- 6 M did not 

decrease renomedul1ary ATP synthesis. The effective A 23187 concentration 

range in the mesenteric vasculature was 1 x 10- 1 1 to 1 x 10- 7 M. The 

inability of A 23187 to inhibit potassium responses argues against a toxic 

effect on the contractile proteins or the ATP synthesizing machinery. 

lt has been shown that some of the actions of A 23187 are dependent 

upon the stimulation of prostaglandin biosynthesis via activation of the 
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calcium sensitive phospholipase A2 (Feinstein et al l977; Rickett et 

al l977; Knapp et al l977; Waelbroeck and Boeynaems Z977). 

In the mesenteric vasculature, of the natural prostaglandins tested, 

only PGEl and PGI2 inhibited noradrenaline contractions. Neither PGEl nor 

PGI2 altered potassium responses. The biphasic effect of A 23187 on 

potassium contractions is therefore inconsistent with a prostaglandin 

mediated action. lt appears that low concentrations of A 23187 (1.9 x 10- 11 

to 1.9 x 10- 8 M) selectively released intracellular calcium stores 

(Janis et aZ l977; Johansen l978) while having no effect on calcium 

translocation from the extracellular fluid. If this were the case it 

would provide a rational explanation for the slight inhibition (20%) of 

potassium responses, since during a contraction initiated by membrane 

depolarization calcium from the extracellular fluid and intracellular 

stores is uti I ized (Fabiato and Fabiato Z977). If the second source 

(intracellular stores) was depleted, potassium contractions will be 

absolutely dependent on the influx of extracellular calcium and since the 

duration of depolarization remained constant, the same fixed amount of 

extracellular calcium enters the muscle cells. Therefore, an apparent 

inhibition due to the unavailability of intracellular calcium stores is 

seen. High concentrations of the ionophore which augment potassium 

responses (see at I .9 x 10- 7 M, A 23187, Fig. 7l) will also increase the 

influx of calcium, as was seen as an increase in basal perfusion pressure. 

At these concentrations noradrenaline responses were abolished. Thus 

even in the presence of normal extracellular calcium concentrations 

noradrenaline responses were abolished, because its responses are primarily 

dependent on the mobilization of intracellular calcium (Hudgins and Weiss 



l968; Altuva l9?8; Kikta and Davis l9?9; also see Tada et al l9?9 for 

c review and discussion of molecular mechanism of active calcium transport). 

In support of this is the demonstration by Kikta and Davis (l9?9) that 

noradrenaline, in concentrations up to I x 10-6 M, did not utilize extra-

cellular calcium during a contraction. 

The calcium antagonists verapamil and 0600 are thought to selectively 

block voltage sensitive and insensitive calcium channels (Felckenstein et 

al l9?l; Bassingthwaigthe et al l9?6). Verapamil blocked vascular 

responses to both noradrenaline and potassium over a similar range of 

concentrations. This suggests that verapamil blocks those calcium channels 

in the plasma membrane activated by potassium, in addition to those intra-

cellular channels activated by noradrenaline. 

In the rat aorta (PeipeP et al l97l) have shown that verapamil 

inhibited potassium contractile responses but did not influence noradrenaline 

responses. In the mesenteric vasculature this was not so; noradrenaline 

responses were more sensitive (p < 0.05, ANOVA) than potassium responses, 

to verapamil inhibition. In a recent study Mikkelsen et al (l97?) have 

found that in isolated human peripheral veins, noradrenaline responses 

were more sensitive than potassium responses to verapamil inhibition. In 

rat portal vein, Bilek et al (l974) found that verapamil effectively 

blocked both potassium and the noradrenaline evoked contractures. 

Thus while there are differences in calcium dependency between 

preparations from different species, differences also exist between 

smooth muscles from the same specie. An elegant study by Butter et al 

(l9?7) in perfused rat hind quarters showed that in the larger proximal 

vessels (arterioles and arteries) dependence on extracellular calcium was 
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decidely less than that of the much smaller peripherial arterioles. They 

further suggested that rat aortic smooth muscle was not a good model of 

the true resistance vessels of the vascular tree, as has been previously 

suggested by Lju~g (7970) and Rhod~ a~d Sutt~ (1977). 

The inhibition of noradrenaline responses by verapamil could be the 

result of blockade of calcium binding and reuptake at sites from which nor-

adrenaline releases activator calcium. This would not be very surprizing 

because verapamil with four -O-CH
3 

groups is much more lipophylic than 

hydrophlic. Its high lipid affinity (Appe£ 7962) and the value obtained 

for the verapamil space by Bond,{ (1978) which was higher than that repor-

ted for water space (B,{,andu and Bolton 7967) suggested distribution into 

membrane structures. Furthermore BonM (7978) reported that verapamil 

released intracellular calcium during the slow phase of calcium efflux 

studies. lt has previously been reported that verapamil inhibited calcium 

binding in preparations of cardiac sarcoplasmic reticulum (Nayto~ and Szeto 

7972; Watanabe and B(Y.)c_h 7974). Whatever the explaination, verapami 1 did 

abolish pressor responses to both noradrenaline and potassium stimulation. 

In addition to the above properties, verapamil appears to also 

possess local anaesthetic properties (Batz~ 7972; S,{,ngh and Vaughan-

W~m6 7972). Its action 1 ike that of procaine, chloroquine and quini-

dine, was potentiated by the cyclooxygenase inhibitor. These latter corn-

pounds have been shown to possess prostaglandin antagonist properties 

(Ma~ku and HoMobin 1976). These data suggested that part of the mechan-

ism of action of verapamil was due to antagonism of both calcium and prosta-

glandin at similar or independent sites. Indomethacin (a cyclooxygenase 
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inhibitor) did not inhibit calcium uptake by the rat mesenteric artery 

(Nor>thover> Z968}. lt is therefore more likely that its potentiation of 

verapamil action was related to its inhibition of prostaglandin biosynthesis. 

The potentiat ion of ~erapami 1 1 s action by lowering the concentration 

of calcium present in the extracellular fluid would suggest that verapamil 1 s 

predominant action was blockade of calcium uptake, not antagonism of 

prostaglandins. This paradox may be resolved by the observations of 

DiegeZ and Coburn (Z979), who found that extracellular calcium stimulated 

smooth muscle prostaglandin biosynthesis. Therefore reducing the calcium 

in the extracellular fluid perfusing the mesenteric vasculature, a prepara

tion which has a high basal nonstimulated rate of prostaglandin biosynthesis 

(WoZfe et al Z979; present data), will have the same effect as a low 

concentration of indomethacin, i.e. a reduction of prostaglandin biosynthesis. 

Verapamil in either situation will then be a more potent antagonist of nor

adrenaline contractions, as was found to be the case (Figs. 72~73~?4). 

In a number of systems (platelets, stomach, trachea, polymorpho

nuclear leukocytes, lymphoma cells, thyroid and endothelial cells) A 23187 

stimulation of prostaglandin biosynthesis was found to be dependent on the 

presence of extracellular calcium ions (Knapp et aZ Z977; Waelbroeak and 

Boeynaems l977; WeksZer> et al Z978). This then underscored the influence 

of extracellular calcium ions on prostaglandin biosynthesis. 

A separation of calcium antagonism and prostaglandin antagonism was 

achieved using dantrolene, a muscle relaxant (previously thought to be 

specific for skeletal muscle, Finder et al l9??) which did not block 

calcium uptake (Desmedt and Hainaut l9??). Dantrolene specifically in

hibited only noradrenaline and angiotensin contractions; it did not 
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inhibit potassium responses. The concentration of dantrolene which 

inhibited noradrenaline responses by 50% was approximately 0.2 ~g/ml 

(Fig. 75). This concentration is well within the therapeutic plasma 

level (0. 7 - 1. 7 11g/ml, Monotvr.. e;t a£ 1973). 

Its specificity for noradrenaline and angiotensin responses indi-

cated an intracellular locus of action. This was confirmed in experi

ments using essentially calcium free buffer (approximately 1 x 10- 6 MC~+). 

In these latter experiments the slope of the dantrolene concentration 

response curve was radically increased when compared to that obtained 

using normal calcium containing buffer. If the actions of dantrolene 

were simply due to the blockade of calcium release as suggested by Veomedt 

and Hartvtaut (1977), then it is difficult to explain these observations. 

As discussed above it has been shown that extracellular calcium 

can stimulate prostaglandin biosynthesis; it was therefore plausible that 

dantrolene acted as an antagonist of a specific prostaglandin since it 

is not itself a calcium antagonist. This view was supported by its spec-

ificity of action against those pressor agents which primarily mobilized 

intracellular calcium. This hypothesis was confirmed by demonstrating 

that the thromboxane synthetase inhibitor imidazole potentiated the act-

ions of dantrolene in an apparently competitive manner as suggested by 

the graphical analysis (inset Fig. 75). Furthermore, indomethacin also 

potentiated the actions of dantrolene in preparations in which prostag-

landin biosynthesis was maximally inhibited and vascular reactivity res-

tores with a moderate concentration of PGE2. These data show that dant-

rolene is a prostaglandin antagonist, acting at some site involved in the 

release of activator calcium stores. This conclusion is in aggreement 
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with that of Mo4gan and B4yant (7977) who suggested as a result of elec-

tro-physiological studies on excitation-mechanical coupling in skeletal 

muscle, that dantrolene prevented the release of intracellular calcium by 

antagonizing and/or decreasing the mobility of an endogenous calcium ion-

ophore. In their studies, cooling, a procedure which would decrease the 

synthesis and the mobility of this ionophore, potentiated the actions of 

dantrolene. In experiments using the calcium ionophore A23187, they were 

able to demonstrate antagonism of a competitive nature between the iono-

phore and dantrolene. 

In platelets, there is evidence that TxA2 is essential for intra-

cellular release of calcium (G~a4d et al 1977; Go4man et al 7979) and 

its synthesis has been localized to the platelet dense tubular system, an 

endoplasmic reticulum membrane system, which represents an intracellular 

calcium storage compartment (G~d et al 1976; White 1973). 

In the only study in which an effect of dantrolene was reported in 

smooth muscle (nonvascular), a similar but less potent action of dantro-

lene was found (G4av~ et al 1978). Unlike the situation in skeletal and 

mesenteric vascular smooth muscle, dantrolene (3 x 10- 7 - 3 x 10-6 M) 

could not block contractions by more than 50%. In skeletal muscle similar 

concentrations resulted in a 75% blockade of contractions (~ and 

B4yant 1972) while in the mesenteric vasculature these concentrations 

abolished contractions. These differences are probably the result of 

structural differences unique to each muscle type and a differntial 

dependence on extracellular calcium. 

Using a classical type of prostaglandin antagonist, N0164, it was 

confirmed that a reduction of the extracellular calcium concentration 



resulted in a greater inhibitory effect of the antagonist. A similar 

potentiation was observed using the prostaglandin cyclooxygenase 

inhibitor. Calcium therefore appears to play a complex role in the 

reactivity of the mesenteric vasculature, participating both in the 

activation of the contractile proteins and the biosynthesis of prosta-

glandins. fn order to further examine the role of calcium, experiments 

were conducted in which the concentration of calcium in the buffer was 

manipulated and the effects of several drugs on the actions of calcium 

determined. 

When the mesenteric vascular bed was perfused with buffer in which 

the calcium concentration was approximately 1 x 10-6 M (made by omitting 

the calcium chloride from the buffer formulation), noradrenaline responses 

remained stable for up to four hours (Ally et a£ 7977; 1978). In bovine 

and rabbit vascular smooth muscle Sand6 et a£ (7977) demonstrated that 

calcium uptake was independent of the extracellular calcium concentration 

but was dependent on ATP. This explained the maintenance of noradrenaline 

responsiveness since the activator stores of calcium could be replenished 

from the low amount of calcium present in the buffer. If a calcium 

chelator (EDTA or EGTA, lmM) was added to the buffer, essent)ally pro-

ducing a calcium free buffer, vascular contractions to noradrenaline 

became progressively smaller with time, disappearing within 20 minutes. 

In preparations equilibrated in 10-6 M calcium buffer, the cumul-

ative addition of calcium caused an initial stimulation of noradrenaline 

responses followed by an inhibition at higher calcium concentrations 

(Fig. 78). One possible explanation would be that calcium from the 

extracellular compartment was recruited directly by noradrenaline thus 

accounting for the potentiation, while the inhibition with higher 
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concentrations of calcium was the result of a stabilization of the cell 

membrane and a decrease in its permeability to calcium (Fleckenhtein 

7970/1977). 

As noted above, potassium contracted the vascular bed in the 

presence of low concentrations of ionophore unlike noradrenaline. This 

suggested that the concentration of noradrenaline used in these studies 

did not depolarize the plasma membrane to any significant degree. lt was 

therefore unlikely that noradrenaline directly recruited the extracellular 

calcium to activate the contractile proteins. This conclusion is in 

agreement with the results of KiRta and Vav~ (7979) who showed that 

noradrenaline at concentrations less than 1 x 10-6 M did not utilize 

extracellular calcium. 

While it was possible that higher concentrations of calcium 

decreased the permeability of the plasma membrane, it was also possible 

that it inhibited the release of calcium from intracellular sites such 

as the inner surface of the plasma membrane. Some support for this 

explanation was provided by the data of Makino.6e (1975) who found that 

10-3 M calcium ions in the extracellular fluid inhibited the release of 

calcium from sarcoplasmic reticular vesicles. 

In the experiments in which either dantrolene, imidazole or indo-

methacin was present in the perfusate during the determination of the 

calcium concentration response curve, the stimulatory effect of calcium 

ions was prevented, whereas the inhibitory action was unaffected. Neither 

of these drugs blocked the uptake of calcium (see above) but each pre-

vented the synthesis or action of prostaglandins. lt would appear that 

the rising portion of the calcium curve (Fig. 78) was the result of stim-

ulation of prostaglandin biosynthesis whereas the falling phase was 



independent of either prostaglandin biosynthesis or action. 

In summary, low concentrations of a calcium ionophore A23187 

inhibited noradrenaline pressor responses by depleting the intracellular 

calciumstores. Verapamil, a calcium antagonist, appeared to prevent the 

uptake of calcium through the plasma membrane and the release of calcium 

from intracellular stores. The interaction of verapamil with indometh-

acin suggested that verapamil, in addition to its blockade of plasma 

membrane calcium channels, might possess prostaglandin antagonist 

properties. Dantrolene, a muscle relaxant, appeared to be a thromboxane 

A2 antagonist, specifically inhibiting noradrenaline contrations. In 

experiments in which calcium concentration response relationships were 

determined in the presence and absence of either dantrolene, imidazole or 

indomethacin, the datawereconsistent with a stimulatory effect of calcium 

- on prostaglandin biosynthesis. lt was also shown that the auto-inhibitory 

effects of calcium were independent of prostaglandin action or biosyn-

thesis. 



SECTION VI: PROSTAGLANDINS, PAPAVERINE AND HYDRALAZINE 
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INTRODUCTION 

The mechanisms whereby hydralazine reduces mean arterial blood 

pressure are presently poorly understood (Gross l9??). This drug is 

an effective vasodilator in the femoral, mesenteric, renal, carotid 

and coronary arteries (Gross et al l950; Bein and Brunner l965). 

Extensive studies by Stunkard et al (Z954) and Walsh et al (Z9??) 

have identified dilation of the peripheral arteriole as the cause of 

the decreased blood pressure. Since this early work, little progress 

has been made in developing more efficacious hydralazine analogs, and 

in working out its mechanism of action (Gross l97?). 

At various times it has been suggested that hydralazine was acting 

in a manner similar to papaverine (as a phosphodiesterase inhibitor). 

Some early data (Ablad Z963) showed that both papaverine and hydrala-

zine inhibited noradrenaline contractions during aerobic conditions 

whereas during anaerobic conditions hydralazine paradoxically potentiated 

noradrenaline contractions while papaverine was still inhibitory. These 

data surely argue against any similarity in action. 

In guinea pig and dog, Inatomi et al (Z975) demonstrated that 

hydralazine did not act in a manner similar to papaverine. They con-

eluded that its action was independent of the cyclic AMP phosphodiesterase 

system. 

lt has been shown that hydralazine binds tightly to vascular 

smooth muscle in vivo and in vitro (Perry et al l962; Moore-Jones and 

Perry l966; Keberle et al l9?3). This compound antagonized the action 

of a variety of agents which contracted smooth muscle (Druey and Tripod 

Z96?; Gross Z97?; McLean et al Z9?8). This latter group 
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(MeLean et al l9?8) reported that hydralazine, hydralazine acetone 

hydrazone and hydralazine butanone hydrazone relaxed established 

potassium and noradrenaline contractures. and inhibited the development 

of contractures on preincubation. They showed that in the rabbit 

aortic strips the calcium dependent and calcium independent components 

of the noradrenaline contractures were both inhibited. They proposed 

that hydralazine and its hydrazone derivatives inhibited calcium flux 

through the plasma membrane. However, in human studies using verapamil 

as an antihypertensive agent, a less than moderate decrease in blood 

pressure was realized. lt was therefore concluded that this calcium 

antagonist did not have a clinically significant antihypertensive effect 

(Pederson l9?8). In a study which investigated the action of hydrala-

zine, Diamond (l9?9) found that hydralazine caused relaxation without 

lowering cytoplasmic calcium. A previous study by Zsoter and Wolehinsky 

(l9?8) showed that hydralazine prevented the development of hypertension 

in pretreated young genetically hypertensive rats but did not alter the 

kinetics of calcium uptake or efflux. In the same study neither pro-

pranolol nor timolol prevented the development of hypertension. This 

is in opposition to the report by GoZdberg and TriggZe (Z978) who found 

that timolol prevented the development of hypertension but did not, as 

noted above, prevent the vascular smooth muscle from exhibiting a defect 

in calcium translocation. 

The defect in, or alteration of, the plasma membrane in hyper-

tension was not restricted to the vasculature; platelets became hyper-

active (Hamet et al Z9?8) as did vas deferens (Caulfield et aZ l9?7) 



c and non-vascular visceral smooth muscle (Altman et aZ Z9??). 

In platelets antihypertensive agents inhibited aggregation 

(Greenwald et aZ Z9?8) while hydralazine pretreatment of hypertensive 

animals prevented the development of platelet hyperactivity (Saunders 

et aZ l9??). 

lt has been postulated that eye! ic AMP inhibits platelet aggre-

gation. Recent studies using platelets from normotensives and hyper-

tensives demonstrated that these observations were not correct (Hamet 

et aZ Z9?8; Wang et aZ Z978). No direct correlation of the level of 

cyclic AMP, adenyl cyclase or phosphodiesterase activity could be made 

with either the actual inhibition or activation of the aggregation 

mechanism, nor was it possible to demonstrate differences in these 

parameters between platelets fromnormotensivesand hypertensives. In 

studies in vascular smooth muscle BhaZZa et aZ (Z978) and Donnelly 

(l978) did not find any differences in cyclic AMP content of aortas 

from normal and hypertensive animals. 

lt has been shown that platelet and vascular hyperactivity 

preceded the gross manifestation of the hypertensive state (Sivertsson 

and OZander Z968; Saunders et al Z9?7; Lais and Brady l9?8). This 

has been demonstrated to be the result of an increased membrane per-

meability to ions. The aorta from spontaneously hypertensive rats 

exhibited a greater dependency on extracellular calcium. These vessels 

relaxed in calcium free solution, and contracted to 60% of maximum upon 

the reintroduction of calcium. Aortic strips from normotensive animals 

were not similarly affected (Noon et al l978; Pedersen et al Z978). 

The antihypertensive agents diazoxide and propranolol had no significant 
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effect on active calcium uptake by mesenteric artery subcellular 

fractions from normotensive and hypertensive animals, whereas the 

calcium antagonist SKF525A decreased calcium uptake by subcellular 

fractions from hypertensive animals more than those from normotensive 

animals (Wei et al l9?6). 

In a study on the time for maximal relaxation from a contracted 

state (Levy l9?5) found no difference in the effect of verapamil 

(calcium antagonist) on aortas from spontaneously hypertensive and 

normotensive animals. This suggested that the failure of the aorta 

from hypertensive animals to relax to the same degree as normotensive 

aortas (Weissinger and Bloor l9?9) could have been due to factors 

other than calcium uptake and resequestration. Diamond (l9?9) 

suggested that hydralazine caused relaxation without lowering cyto

plasmic calcium by a possible direct action at the contractile proteins. 

One complication of hypertension is the structural changes which 

take place, secondary to the rise in arterial pressure, resulting in 

about 80% increase in flow resistance (Bereck and Bohr l9??). This 

hypertrophy in the vessel wall can account for a significant degree of 

the elevated blood pressure. Another problem is that isolated arteries 

from genetically hypertensive rats did not show the same hypersensitivity 

to neurotransmitters (Hallback et al l9?l; Field et al l9?2; Shibata 

et al l973; Hansen and Bohr l9?5) that isolated perfused vascular 

beds exhibit (Lais et al l9?4; Tobias et al l9?4; Lais and Brody 

l978) . 

In a recent study Henrich et al (l9?8) exhibited the morphological 
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c changes of the microvasculature in established hypertension. They 

found that in the mesenteric microcirculation a lower flow resistance 

existed in individual arterioles, associated with a gradual disappear-

anceofthe hypertrophized smooth muscle cells towards the capillary 

bed; the elevation in the resistance to blood flow was due to a reduced 

number of resistance vessels. lt is possible that in other vascular 

beds a similar condition exists. Therefore, a reduced number of re-

sistance vessels may ultimately be responsible for the increased resis-

tance to flow in established hypertension. This is consistent with the 

findings of Hutchins and DaPneZZ (Z9?4) who also observed a decreased 

number of arterioles in the ~remaster muscle of spontaneously hyper-

tensive rats. In the isolated perfused mesenteric vascular bed of 

spontaneously hypertensive rats we have found an increased basal 

perfusion pressure when compared to age matched controls (unpublished 

data). This observation is in agreement with the suggestion of Henrich 

et al (Z9?8) that the elevated flow resistance was due to vessel wall 

hypertrophy in the series coupled section and a reduction in the number 

of resistance vessels in the parallel coupled sections of the mesenteric 

bed. 

These studies indicate that spontaneous hypertension in its 

established phase has different effects on the micro- and macro-circula-

tion. Indeed, FuPUyama (Z962) found that vessel wall hypertrophy was 

restricted to large arterioles and arteries (diameter> 10011). In the 

isolated mesenteric vascular bed, the primary resistance vessels were 

retained (see Methods). These vessels are less than 10011 in diameter; 

therefore, muscle cell hypertrophy would not be present in these 

c 



c resistance vessels in beds from either spontaneously hypertensive or 

normotensive animals. However, the alterations in the structural make-

up of the bed (Henrich et al l9?8) would persist. Gross (l9??) has 

said that 11 there is also no method available that would give a higher 

degree of probability for detecting a new blood-pressure lowering drug 

than screening in the normotensive or in the spontaneous hypertensive 

rat••. lt is therefore, equally valid an argument that an understanding 

of the mechanism of action of a direct acting vasodilator can be achieved 

using preparations fromnormotensive animals (mesenteric vascular bed). 

In this vascular bed are found vessels similar to those which determine 

peripheral vascular resistance, whereas large arteries such as the aorta, 

used by many investigators (e.g. Rioux et al Z9??; McLean et al l978) 

may not be representative of resistance vessels. This is supported by 

the recent findings of Deragon et al (Z9?8), that the sensitivity to 

the vasodilating effect of nitroprusside in the perfused hindlimb 

preparations was no different in preparations from normotensive and 

spontaneously hypertensive rats. These data do not support the hypothe-

sis suggesting the existence of a deficient ability to relax in hyper-

tensive rats. Indeed it showed that the arteriolar resistance vessels 

in the vascular bed of both groups were equally sensitive to the muscle 

relaxant. Much of the data suggesting a decreased relaxation was ob-

tained using large arteries. 

In this section the effects of papaverine (a classical smooth 

muscle relaxant) are compared with those of hydralazine on vascular 

reactivity. 

0 



c RESULTS 

Papaverine Inhibition of Noradrenaline, Angiotensin II and Potassium 

Pressor Responses 

Papaverine (3.3 x 10-s M to 4.2 x 10-6 M) progressively diminished 

the pressor responses to both noradrenaline and angiotensin. Papaverine 

(1 .3 x 10-6 M to 8.48 x 10-5 M) was an effective inhibitor of potassium 

pressor responses. A sample trace for papaverine effectiveness in 

inhibiting noradrenaline and potassium pressor responses is shown in 

Fig. 79. As can be seen papaverine did not decrease the baseline 

perfusion pressure which indicated that this preparation was virtually 

atonic. Complete dose response curves for inhibition of noradrenaline 

and potassium pressor responses are shown in Figure 80. There was 

c virtually no overlapping of the respective dose response curves for 

each pressor substance. Papaverine was definitely much more potent 

against noradrenaline and angiotensin pressor responses with IC50 con-

centrations + 20% of each other (n = 4). The IC50 against noradrenaline 

responses was 5.8 x 10- 7 M and that against potassium responses was 

almost 20 times greater (1.06 x 10-5 M. Fig. 80). 

The Effectiveness of Papaverine on Noradrenaline Responses in the 

Presence of Exogenous PGE2 

At the beginning of each experiment, PGE2 (5 ng/ml, 1.4 x 10-s M) 

was added to the buffer reservoir and control responses determined until 

they were~ 10% for three successive responses. The papaverine dose 

response relationship was then determined by cumulative addition of 
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F~g. 79. Influence of papaverine on vascular responses to (a) noradrenaline 
and (b) potassium. Pressor agent was injected as a 100 ~1 bolus 
intra-arterially; papaverine was added to the buffer reservoir in 
a cumulative fashion. As can be seen papaverine had a rapid 
effect on pressor responses but did not alter base line 
perfusion pressure, nor did it influence the duration of 
the contractions. lOO ng/ml papaverine = 2.6 x 10- 7 M. Each 
division of the vertical scale shown =20 mm Hg (l mm Hg = 133.3 Pa). 
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Fig. 80. The effects of papaverine on noradrenaline and potassium responses. 
The vascular beds were prepared as described in methods. Each 
pressor agent was injected as a 100 ~1 bolus into the superior 
mesenteric artery contractions of the vascular smooth muscle 
were recorded as an increase in perfusion pressure (See Fig. 79 
for sample trace). (x) buffer alone, (a) buffer plus 3.6x 10-4 M 
imidazole, (o) buffer plus 6.4 x lo- 7 M dantrolene. Each 
point represents the mean ± SE, n ~ 6. The effect of papaverine 
on noradrenaline responses were significantly increased p < 0.0~ 
ANOVA in the presence of imidazole and dantrolene. 
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papaverine to the buffer reservoir. In the presence of exogenous PGE2 

the dose response 1 ine was shifted to the right of the control line and 

the ICSO was increased approximately 4-fold (Fig. Bl). Since the 

addition of exogenous PGE2 shifted the dose response line to the right, 

then inhibition of endogenous prostaglandin biosynthesis would be expected 

to have the opposite effect. 

Papaverine Inhibition of Noradrenaline Pressor Responses in Indomethacin 

Perfused Preparations 

Preparations were prepared and equilibrated as described in 

Methods; at the end of the equilibration period indomethacin (5.6 x 10- 5 

M) was added to the buffer reservoir. As before papaverine was added 

to the buffer in a cumulative manner. As anticipated the dose response 

curve was shifted leftwards, parallel to those obtained from both 

control and PGE2 perfused preparations {Fig. Bl), and the IC50 was now 

approximately 25% of control (1 .3 x 10- 7 M). These data suggested that 

papaverine was a prostaglandin antagonist. 

Effect of Papaverine on Noradrenaline Responses in Preparations Perfused 

with l.? X l0- 4 M Indomethacin and Either l.4 X l0-8 M or 2.8 X l0-9 M 

PGE2 

The preparations were perfused with a concentration of indomethacin 

which abolished vascular responsiveness and presumably prostaglandin 

biosynthesis. Vascular responsiveness was partially restored by the 

addition of a fixed concentration of PGE2 to the buffer. Each prepara-

tion was used for a single indomethacin plus PGE2 combination and then 
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Fig. 81. Changes fn response to a fixed dose of noradrenaline in the presence of increasing concentrations 
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cyclo-oxygenase with indomethacin. The effects of papaverine in the presence of PGE2 
and indomethacin were significantly (p < 0.05 ANOVA) different from its effect in plain buffer (o). 
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0 
discarded upon completion of the experiment. As shown in Figure 82, 

the dose response curves are 1 inear, parallel to each other, the curve 

generated in the presence of 2.8 x 10- 9 M PGE2 lying to the left of 

that generated in the presence of 1 .4 x Jo-B M PGE2. These data 

clearly indicated a relationship between the concentration of PGE2 

present and the potency of papaverine. The parallel nature of the dose 

response curves suggested that the interaction was probably competitive. 

Papaverine Inhibition of Potassium Pressor Responses in Preparations 

Perfused with l.? x l0- 4 M Indomethacin and 2. 8 x Z0- 8 M PGE2 

To six preparations perfused with indomethacin (1 .7 x 10-4 M), 

PGE2 was added to give a final concentration of 2.8 x I0- 8 M, which 

partially restored pressor responses. Papaverine added cumulatively 

to the perfusate inhibited potassium pressor responses in a concentration 

dependent manner. The concentration response curve was shifted to the 

right of control in a non-parallel manner. The approximate papaverine 

IC50 concentrations were: control preparations, 1 .06 x JQ-5 M and 

indomethacin plus PGE2 preparations 2.1 x 10-s respectively (determined 

from their dose response curves, Figs. 80 and 84). The maximum effective 

concentration of papaverine tested under both conditions (8.44 x 10-s M) 

gave indistinguishable results. In normal preparations, responses were 

15 + 2% and in indomethacin plus PGE2 perfused preparations they were 

16 + 4% of pre-papaverine pressor amplitudes. 
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F~g. 82. Inhibition of noradrenaline pressor responses by increasing con
centrations of papaverine, in preparations in which responses 
had been abolished with 1.7 x 10-4 M indomethacin and reactivity 
restored with either 1.4 x 10-a M PGE2 (o) or 2.8 x 10-9 M 
PGE2 (6). Each point represents the mean± SE for six exper
iments and are significantly different (p < 0.01, ANOVA) between 
concentration response curves. 



Effect of Papaverine in Preparations Perfused with Z.8 x Z0- 3 M Imidazole 

and 2.8 x l0- 8 M PGE2 

Because of the demonstration that papaverine inhibited noradrenaline 

and potassium pressor responses over dissimilar concentration ranges 

(Fig. 80) and the apparent antagonism between papaverine and endogenous 

or exogenously added prostaglandins (Figs. 8Z and 82) it was of interest 

to examine this interaction in preparations in which only the noradrena-

line responses were inhibited with a TxA2 synthetase inhibitor (imidazole) 

and vascular reactivity restored with exogenous PGE2. As before papaverine 

effectively inhibited noradrenaline pressor responses (Fig. 83). This 

inhibitory effect was readily reversed upon switching to papaverine free 

buffer. The effective papaverine inhibitory concentration range was 

Effect of Papaverine in Preparations in which Noradrenaline Pressor 

Responses were Inhibited by either Imidazole (5.6 x l0-4 M) or Dantrolene 

These concentrations of imidazole and dantrolene inhibited nor-

adrenaline pressor responses to a similar degree. Three control pressor 

responses to noradrenaline were obtained in the presence of either 

compound, papaverine was then added to the perfusion reservoir in a 

cumulative fashion and pressor re~ponses to the same fixed concentration 

of noradrenaline were determined. The dose-response curves generated in 

the presence of either imidazole or dantrolene were virtually identical 

(Fig. 80) and were to the left of and parallel to the control curve. Both 

imidazole and dantrolene increased the potency of papaverine by an 
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iments. * p < 0.01 ANOVA. 
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equivalent amount. 

Comparison of Papaverine Inhibition of PGE2 in the Rat Fundic Strip and 

Mesenteric Vascular Preparation 

The fundus of male Wistar rats was cut away from the rest of the 

stomach, opened out longitudinally and placed in a beaker containing Kreb's 

solution (composition given in general methods). A 2.5 cm long by 0.5 cm 

wide strip was cut out and a thread was attached to each end. The 

preparation was mounted in a 50 ml muscle bath and superfused with Kreb's 

solution at 37° C and aerated with 95% o2, 5% co2 mixture. One end of 

the strip was anchored to an L-shaped aluminium rod immersed in the 

buffer and the other end to an isometric force transducer. Contractile 

responses were recorded on a Devices recorder. The muscle was stretched 

to give a resting tension of 0.8 gram. The preparation was contracted 

by adding PGE2 (5 ng/ml, 1.4 x 10-s M) directly to the muscle bath; papa-

verine was added at the plateau of the PGE2 contracture. The new plateau 

established at a lower tension in the presence of papaverine was noted 

and was expressed as a% of the initial PGE2 contracture. These data 

were plotted as % of control response vs papaverine concentration. The 

range of papaverine concentrations inhibiting PGE2 contractions was similar 

to that found effective against potassium pressor responses in the per-

fused mesentery (Fig. 84). The papaverine dose response curve obtained 

using mesenteric vascular beds perfused with indomethacin (1 .7 x 10-s M) 

is shown for comparison. 

Papaverine at concentrations which inhibited noradrenaline con-

tractions in the vasculature had no PGE2 antagonist action in the rat 
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fundic strip. The concentration effect curves shown (Fig. 84) clearly 

indicate that papaverine antagonized the direct contractile effects of 

PGE2 on the fundic strip at concentrations which inhibited PGE2 facili-

tated potassium responses in the mesenteric vascular bed. 

Summary 

Papaverine acted as an effective prostaglandin antagonist blocking 

potassium and noradrenaline contractions in the mesenteric vascular bed. 

Papaverine exhibited a concentration dependent selectivity in its actions; 

low concentrations blocked noradreanl ine contractions whereas high con-

centrations were required to block potassium contractions. These high 

contractions were also required to block the direct contractile actions 

of PGE2 in the rat fundic strip. The actions of papaverine were opposed 

by the addition of PGE2 to the buffer and potentiated by either a throm-

boxane synthetase or a cyclooxygenase inhibitor. In the absence of en-

dogenous prostaglandin biosynthesis, papaverine inhibited vascular con-

tractions which had been restored by the addition of exogenous PGE2. 

Papaverine antagonized both the modulatory effects of prostaglandins in 

the mesenteric vascular and the direct contractions caused by PGE2 in 

the fundic strip preparation. 

Effect of Hydralazine on Vascular Responsiveness 

Preliminary experiments established that hydralazine (1 .6 x 10-6 M 

to 4.09 x 10-4 M) inhibited both noradrenaline and angiotensin pressor 

responses. Potassium pressor responses were not affected by any con-

centration of hydralazine tested (up to 1 x 10- 3 M). 
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Effect of HydPalazine on NoPadPenaline Responses in PrepaPations 

PePfused with eitheP Indomethacin OP Imidazole 

In preparations perfused with either indomethacin (5.6 x 10- 5 M), 

or imidazole (5.6 x Jo-4 M) the inhibitory effectsofhydralazine on 

noradrenaline pressor responses were significantly increased (Figs. 85 

and 86). Indomethacin potentiated the inhibitory effects of hydralazine 

over the concentration range (1 .6 x 10-6 M to 1.02 x 10-4 M), so that 

at a concentration of 1.02 x 10-4 M hydralazine was twice as effective 

in indomethacin treated preparations as compared to normal buffer 

perfused preparations (ANOVA p < 0.001). In contrast, in imidazole per-

fused preparations the potency of lower concentrations of hydralazine 

was enhanced so that the lowest concentration tested (I .6 x 10-6 M) was 

now 4 times as effective in inhibiting noradrenaline pressor responses 

(Fig. 86). At the highest concentration of hydralazine tested (2.05 x 

10-4 M) there was no difference in pressor responses between the imidazole 

treated and the normal preparations (Fig. 86). 

Inhibition of VasculaP Responsiveness by Hydralazine in PrepaPations 

Pepfused with Z.76 x zo- 3 N. Imidazole plus 2.8 x l0- 8 M PGE2 

The above data indicated that hydralazine was probably a throm-

boxane A2 antagonist because of the enhancement of its inhibitory actions 

by both indomethacin and imidazole. To test the hypothesis that hydrala-

zine was indeed acting as a prostaglandin antagonist, vascular responsive-

ness was inhibited with 1.76 x 10- 3 M imidazole (thromboxane synthetase 

inhibitor) and noradrenaline pressor responses restored by the simultaneous 

perfusion with 2.8 x 10-8 M PGE2. Three control responses were obtained 
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0 
and then the effects of the cumulative addition of hydralazine to the 

buffer on pressor responses were determined. Under these conditions, 

hydralazine inhibited noradrenaline pressor responses in a concentration 

dependent manner and the plateau phase seen in normal buffer perfused 

preparations had vanished (Fig. 87). Thus, in the absence of thromboxane 

synthetase activity hydralazine produced maximal inhibition (Fig. 87). 

Potentiation of Hydralazine Aation by Low Extracellular Calaium 

As shown earlier the effects of calcium ions in this preparation 

were linked to both stimulation of prostaglandin biosynthesis and action. 

In preparations perfused with low calcium buffer (1 x 10-6 M, but shown 

as 0 mM calcium in the Figures) the potency of hydralazine as an inhibitor 

of noradrenaline pressor responses was significantly enhanced relative to 

preparations perfused with normal concentration of calcium ions (2.5 x 

-3 10 M, Fig. 87) and indomethacin alone (Fig. 88). In the latter case 

the effect of hydralazine plateaued at a concentration of I .28 x 10-5 M. 

In contrast the inhibitory action of hydralazine showed no similar plateau 

in preparations perfused with either low calcium or imidazole (1.76 x 10-3 

M) plus PGE2 (2.8 x 10- 8 M, Fig. 87). 

Reversal of Hydralazine Inhibition by Calcium or PGE2 

In two experiments preparations were perfused with low calcium 

buffer (1 x 10-6 M) and vascular responses inhibited with hydralazine 

(2.56 x 10- 5 M). Upon the readdition of calcium (2.5 mM) to the buffer, 

the inhibition was partially reversed. A similar reversal was seen upon 

the addition of PGE2 (2.8 x 10-8 M). 
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Each point represents the mean ± SE for six experiments. 
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Indomethacin Blockade of Calcium Antagonism of Hydralazine 

lt was possible that the reversal of hydralazine inhibition was 

independent of prostaglandin biosynthesis. This was tested by perfusing 

preparations with low calcium buffer and indomethacin (l .1 x 10-5 M). 

After three control responses were obtained to noradrenaline stimulation, 

hydralazine (2.56 x 10- 5 M) was added to the perfusate. After the nor-

adrenaline pressor responses were maximally inhibited, calcium (2.5 x 

10- 3 M) was added to the buffer. There was no reversal of the inhibitory 

effects of hydralazine on noradrenaline responses. In a similar experiment 

the ability of PGE2 to reverse the effect of hydralazine was not prevented 

by the indomethacin pretreatment. 

Effect of Hydralazine on PGE2 Induced Contractions of Rat Fundic Strip 

Hydralazine did not inhibit PGE2 induced contractions of the rat 

fundic strip. As noted earlier hydralazine did not inhibit potassium 

contractions of the mesenteric vasculature. 

The data above is consistent with the view that hydralazine was a 

prostaglandin antagonist whose action was tempered by a simultaneous 

stimulation of an opposing prostaglandin biosynthesis. This latter point 

could be confirmed by the determination of the levels of prostaglandins 

before and after exposure of the vasculature to hydralazine. 

Hydralazine Stimulation/Facilitation of Prostaglandin Biosynthesis during 

Noradrenaline Pressor Responses 

The mesenteric vascular bed was prepared as described in methods 

and the preparations equilibrated for 2 hours. Subsequently, three 



I minute fractions of the perfusate were collected at 5 minute intervals. 

The vasculature was then stimulated by a 100 ~~ bolus injection (intra-

arterial) of noradrenaline and the perfusate collected for the 1 minute 

period coinciding with the contraction of the blood vessels. After the 

collection of 4 noradrenaline stimulated fractions, hydralazine was 

added to the buffer reservoir, and 1 minute samples were collected as 

described above. The concentrations of hydralazine tested were 6.4 x 

The results of the analyses for PGE2 and 6-keto-PGFla are shown 

in Figure 89. lt can be seen that noradrenaline caused an increase in 

PGE2 release of 400% above basal release while 6 keto PGFia was increased 

by approximately 66% above basal levels. Hydralazine (6.4 x 10-6 M) 

added to the perfusate increased PGE2 and 6 keto PGFla levels by 60% 

and 100% respectively above normal noradrenaline stimulated release. 

This effect was detectable within 5 minutes after the addition of hydrala-

zine to the buffer reservoir. Higher concentrations of hydralazine did 

not produce any further increases in the synthesis of either PGE2 or 

6-keto-PGFla. On the contrary, the l~vel of PGE2 in the perfusate 

remained constant whereas that of 6-keto-PGFla fell back to prehydralazine 

levels (1079 ~59 pg/ml, M~ SO). This argues against an increase in 

PGI2 levels as being the mechanism of action of hydralazine in this 

preparation since the inhibitory actions of hydralazine persisted in 

the presence of control 6-keto-PGFla levels and in indomethacin plus 

PGE2 perfused preparations. 

c 



E 

' C'l 
Q. 

c: ·-
"'C 
c: 
IU 

C'l 
IU 
...... 
Vl 
0 
I.. 
Q. 

Q) 

> -- ...... 

'-" u 
IU 
Q) 
I.. 
0 
c: 
:::J 
E 
E 

Basal NORADRENALINE STIMULATION 
HYDRALAZINE x 10- M 

3000 

2000 

1000 

500 

200 

100 

50 

20 

10 
E2 6KF1a. E2 6KF1a. E2 6KF1a E2 6KFla. E2 6KF1a 

Fig. 89. Influence of hydralazine on noradrenaline stimulated prostaglandin 
biosynthesis (PGE2 and 6-keto-PGFlo:) in the mesenteric vascular 
bed. Hydralazine significantly increased (p < 0.01, ANOVA) PGE2 
levels in the effluent. Each vertical bar represents the mean ± 
SE for 16 samples from 2 separate experiments. 



c 

c 

While an effect of hydralazine on noradrenaline stimulated bio-

synthesis was demonstrated (Fig. 89), it was not known whether basal 

synthesis would also be increased. Consequently, the experiment 

described above was repeated using a single concentration of hydralazine 

(5.1 x 10- 5 M) but omitting the noradrenaline stimulation. Within 5 

minutes of the addition of hydralazine to the perfusate, PGE2 levels had 

increased from 200 pg/ml to 260 pg/ml, and 6 keto PGF1a had in-

creased from 1400 pg/ml to 2300 pg/ml. After 20 minutes the 6 keto PGF1a 

levels had plateaued at 1500 pg/ml and PGE2 levels at 230 pg/ml. Thus 

the release of PGE2 was elevated by 15% and that of 6 keto PGFla by 7% 

above prehydralazine levels. These data show that hydralazine had a 

direct effect on prostaglandin biosynthesis. 



DISCUSSION 

Hydralazine, unlike many other vasodilators including diazoxide, 

prazosin, glycerol trinitrate, sodium nitroprusside and papaverine, had 

little effect on veins ln vlvo (Cottien et at 1918; F~ 1974). 

Calcium antagonists such as verapamil also showed no distinction in the 

vasculature and are of little benefit in hypertension (Ped~6en 7978: 

Gno~~ 1977). 

lt has been suggested that hydralazine acted as a calcium 

antagonist or an inhibitor of phosphodiesterase (Bannon et at 1977; 

And~~on 7973). However Abtad (7963) demonstrated that hydralazine 

only inhibited phosphodiesterase activity of vascular smooth muscle 

at high concentrations (100 ~g/ml) whereas it induced relaxation at lower 

c concentrations (0.1 to 10 ~g/ml). In addition, under anaerobic conditions 

hydralazine paradoxically potentiated noradrenaline contractions, whereas 

papaverine inhibited noradrenaline responses. Vlamond (1979) reported 

that hydralazine caused relaxation without lowering cytoplasmic calcium. 

In the development of spontaneous hypertension in the rat, 

decreased prostaglandin catabolism in the kidney and lung preceded the 

onset of hypertension (Paee-~eiak 7976; Leany et at 7977). As a result 

circulating prostaglandin levels were elevated. These prostaglandins may 

have contributed to the hypertension. Other researchers have found that 

isolated vascular tissues from hypertensive rats had elevated levels of 

prostaglandins (Rioux et at 1917; Lim~ and Lim~ 7977). Paee-~elak 

et at (7978) reported that aortic rings and homogenates from spontaneous-

ly hypertensive rats had an enhanced biosynthetic capability for prosta-



cyclin, a potent hypotensive agent {Sehotkeno 7978]. Similar data have c been reported by Okuma et at ( 7979]. It has been suggested that the 

increased prostacyclin production was an adaptive response attempting to 

lower the blood pressure. Not all blood vessels synthesized prostacyclin 

A, as their dominant prostaglandin (Skidget and P~nee 1978; G~en 

et al 7979). The latter group found that the cerebral microvessels 

synthesized PGE2 as their dominant prostaglandin. This then suggests 

that microvessels in other vascular beds may produce amounts of prosta-

glandins different from that synthesized by large vessels, such as the 

aorta. 

lt has been shown that thromboxane synthetase inhibitors and 

prostaglandin antagonists inhibit platelet aggregation {F~zpatniek and 

Gottman 1978; Needteman et al 1977; FJtedhotm 7976]. Papaverine and 

diazoxide, both vasodilators, inhibited platelet aggregation (Shtaehe.!t et 

at 7976; GlUha et al 7977; GJteenwald et a£ 7978). Papaverine has been 

shown to be a prostaglandin antagonist (Levy 1973; 7974) and has been 

used in the past to treat hypertension [Zozulia 1976], experimental 

cerebral arterial spasm (Kuwayama et al 797Zl, coronary constriction 

(PaJtkeJt et a£ 7977), experimental myocardial ischemia (K~in 7978] and 

angina (SangioJtgi et a£ 1911). Since vasoactive prostaglandin metabo-

lites have been implicated in the platelet reaction, it is possible that 

the antihypertensive property of diazoxide and hydralazine may be due at 

least in part to their ability to interfere with prostaglandin action or 

biosynthesis. Because the abnormality in the hypertensive vessels 

persists in the isolated, synthetic media perfused vascular beds, any 

biochemical changes must reside within the smooth muscle cell or its 

c surrounding tissues. 



c 

-

c 

In the mesenteric vascular bed papaverine was a potent inhibitor of 

noradrenaline and potassium contractions. Papaverine appeared to be more 

specific ( in a concentration defined manner) for noradrenaline responses. 

lt inhibited these responses at lower concentrations and this appeared to 

be selective for an intracellular calcium pool, preventing its mobiliza-

tion. At a concentraction which maximally inhibited noradrenaline resp-

onses, inhibition of potassium responses was just discernable. Different 

concentrations were presumably required to inhibit both pressor agents 

either because different substances were being antagonized or the same 

substance was being antagonized at different sites. 

In aggreement with published data the dose response curve for papav-

erine was potentiated by partial inhibition of prostaglandin synthesis 

( with indomethacin ) and antagonized by the addition of exogenous PGE2 to 

the perfusate. As before the inhibition of noradrenaline responses was 

seen at concentrations of papaverine which had minimal effect on potassium 

responses. lt is unlikely that papaverine was behaving as a calcium ant-

agonist, because verapamil inhibited both noradrenaline and potassium res-

ponses in this preparation over a similar concentration range. Papaverine 

did not inhibit prostaglandin biosynthesis ( Ahnn~-R~nne and MagnU6~en 

1978; CIU.gna.Jtd and VM..ga6:ti.g 1978). The concentration range of papaver-

ine found effective against noradrenaline responses was similar to plasma 

levels found in man ( 133 ng/ml - 592 ng/ml, GaJUtd:t et a1 1978). lt is 

unlikely that levels approximating those which inhibited potassium respon-

ses in this preparation are ever achieved during therapeutic management. 

In preparations perfused with maximal concentrations of indometh-

acin and vascular responsiveness restored with exogenous PGE2, papaverine 

was still able to inhibit noradrenaline responses. At these concentra

tions of indomethacin ( 1.7 x 10-4 M) the phosphodiesterase(s) in the 



vessels were probable maximally inhibited (Flow~ 1974). The mesenteric 

c vascular bed was atonic thus only those factors which affect responses to 

pressor stimuli or elevate basal perfusion pressure were detected. Dipy-

ridamole which also possesses phosphodiesterase inhibitory actions was 

ineffective in indomethacin plus PGE2 perfused preperations. This argues 

against the hypothesis that increases in intracellular cyclic AMP levels 

mediated the actions of papaverine. 

The parallel nature of the papaverine dose response curves sugges-

ted that the interaction with the prostaglandins was of a competitive na-

ture although it does not prove it. 

In similar experiments with indomethacin plus PGE2, papaverine eff-

ectively inhibited potassium responses. Interestingly, the concentration 

of papaverine required was not changed by pretreatment of the preparations. 

This is in ,ogreement with the view that papaverine inhibited noradren-

aline and potassium responses by acting at different sites. In this ex-

perimental situation the only prostaglandin present in appreciable amounts 

was that added to the perfusate. The PGE2 added to the buffer was requi-

red for vascular reactivity, therefore two sites of action would have to 

be postulated to account for the observations made here. Further support 

for this was provided in those experiments in which noradrenaline respon-

ses were preferentially abolished with the thromboxane synthetase inhi-

bitor, imidazole, and vascular reactivity restored with exogenous PGE2 

(Fig. 83) and those experiments in which responses were partially inhi-

bited by either imidazole or dantrolene alone (Fig. 79). As before nor-

adrenaline responses were inhibited over the lower papaverine concen-

tration range. The low concentrations of imidazole and dantrolene shif-

c ted the papaverine concentration responsive curves equally to the left 

(Fig. 79). 
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These data can be interpreted to suggest that over the low concen-

tration range papaverine was acting as a thromboxane A2 antagonist, thus 

preventing the mobilization of intracellular or loosely bound calcium, 

while at higher concentrations it prevented the influx of extracellular 

calcium through the plasma membrane. In support of this view is the rec-

ent report by ~oe~a~ and God6~aind (1979) which showed that papaverine 

(<10-SM) inhibited calcium evoked contractions by an action on intracell-

ular sequestration. In depolarized aortic and mesenteric arteries which 

are absolutely dependent upon extracellular calcium, papaverine ( <10- 5M) 

was ineffective. Vem~y-Waetdete and Stoctet {7975) found that papav-

erine { <3 x 10- 5 M) depressed rat aorta contractility directly, indep-

endent of its effects on calcium translocation. They also found that, 

unlike the inhibition caused by dibutyryl cyclic AMP papaverine 1 s effect 

could not be reversed by the addition of excess calcium to the buffer. 

In experiments presented here using the rat fundic strip, the con-

tractures elicited by PGE2 were absolutely dependent on extracellular 

calcium. Low concentrations of papaverine did not inhibit PGE2 induced 

contractions wheras high concentractions abolished the contractures. 

The concentrations of papaverine required in the fundic strip were similar 

to those required to inhibit potassium responses in the mesenteric vascu-

lature. High concentrations of papaverine have been shown to have an 

action similar to cadmium ions and verapamil in canine cerebral and peri-

pheral arteries ( Hay~hi and Toda 1977 ). In this preparation verap-

amil inhibited both noradrenaline and potassium responses over a similar 

range of concentrations (see data in previous section). 

Hydralazine, unlike papaverine did not inhibit potassium responses. 

lt had a limited inhibitory action on noradrenaline contractions (Fig. 85). 

Its action was not similar to that of indomethacin, papaverine or 
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verapamil, and seemed to be su;~e~r\t\o.\\l similar to that of adenosine or 

dantrolene. 

In preparations perfused with a submaximal amount of either indo-

methacin or imidazole, different effects were seen. In the indomethacin 

treated group, the levels of all prostaglandins were reduced, theoretic-

ally maintaining the ratios between the various prostaglandins. lndo-

methacin increased the maximum inhibition of noradrenaline pressor res-

ponses at all concentrations of hydralazine, with higher concentrations 

of hydralazine , having a greater effect. In contrast imidazole, drama-

tically enhanced the effects of low concentrations of hydralazine (1.6 x 

-6 10 M) while further increases in hydralazine concentrations had a min-

imal effect (Fig. 85, 86). These data were distinctly different from 

those obtained with any other agent used in this study. Thes concentra-

tions of hydralazine are similar to those found by Abiad (1963) to lower 

blood pressure in man. 

These significant different interactions with the cyclooxygenase 

and the thromboxane synthetase enzymes '&Ww~ste! that hydra 1 az i ne was not 

a simple calcium or prostaglandin antagonist. The increased efficacy 

seen in the presence of these synthetase inhibitors do indicate that endo-

genous prostaglandin biosynthesis attenuates or modifies the actions of 

hydralazine. 

Indomethacin, as shown earlier, inhibited basal prostaglandin biosyn-

thesis and prevented the stimulation of biosynthesis by noradrenaline, 

whereas imidazole inhibited thromboxane synthesis and diverted the endo-

peroxides through other branches of the pathway (Nijk.ctmp e;t a£ 1977). If 

the only action of hydralazine was the antagonism of TXA2 then it is diff-

icult to explain the plateau seen in Fig.85. Tai and Yuan (19781 showed 



that imidazole competes with the endoperoxide,PGH2, for the active site 

0 on TxA2 synthetase. If hydralazine both stimulated the production of 

endoperoxides and antagonized TxA2 actions, then this would explain the 

greater inhibi ory effect seen in experiments in which the cyclooxygen-

ase was partially inhibited. 

This hypothesis was tested by maximally inhibiting TxA2 synthetase 

with imidazole and restoring vascular responsiveness with PGE2, high con-

centrations of which can apparently activate TxA2 receptors. In this sit-

uation hydralazine inhibited noradrenaline pressor responses in a concen-

tration related manner, with no evidence of a plateau similar to that 

seen in preperations perfused with hydralazine alone. This wasconsistent 

with the proposed hypothesis. 

lt has been shown by Mc.Le.a.n e;t ai [1978l and Haege.f.e e;t ai (1978) 

- that hydralazine , its metabolites (hydralazine pyruvate hydrazone and 

hydralazine ketoglutarate hydrazone) and two derivatives (hydralazine 

acetone hydrazone and hydralazine butanone hydrazone) were active lnv~o 

in producing relaxation of noradrenaline and potassium induced contract-

ures of rabbit aorta. They concluded that hydralazine and its hydrazone 

metabol ites would contribute ln vivo to the hypotensive effects of the 

parent molecule. These conclusions were not supported by the in vivo 

testing of the metabolite, hydralazine pyruvate hydrazone, which had no 

hypotensive effect in rats, although these animals were responsive to 

hydralazine itself. Because the original testing was done on large arter-

ies an incorrect prediction had been made. Wo~c.et (7978) had shown that 

hydralazine inhibited phenylephrine and serotonin induced induced contrac-

tions of distal segments of the caudal artery, wheras it was ineffective 

in the proximal portion (from normotensive animals). In vessels from 
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hypertensive animals hydralazine inhibited phenylephrine and serotonin 

contractions in both segments of the caudal artery. This emphasizes that 

he large arteries from normotensive animals are not suitable for pharma-

cological studies with vasodilators. 

As discussed earlier calcium appears th play a crucial, perhaps piv-

otal role in determining vascular reactivity. Calcium in the extracell

ular fluid can stimulate prostaglandin biosynthesis (Vieget and Cobunn 

7979, Cobu~n et a£ 1977). Therefore by lowering the concentration of 

calcium ions in the buffer, a reduction in the basal synthesis of some 

prostaglandins may be realized. This would be analogous to using an in-

hibitor of prostaglandin synthesis. In preparations perfused with 

M calcium containing buffer, in a concentration dependent manner.., ~he 

dose response curve obtained para,\ta\d that obtained in the presence of 

maximally effective concentrations of imidazole plus PGE2. 

These data support the view that hydralazine inhibited the release of 

intracellular calcium stores and at the same time stimulated prostaglandin 

biosynthesis. The responses seen in the presence of submaximal concentra-

tions of indomethacin are qualitatively similar to those obtained using 

either imidazole plus PGE2 perfused or low calcium perfused preperations 

suggested that extracellular calcium was necessary for hydralazine stimu-

lation of prostaglandin biosynthesis. Hydralazine unlike papaverine did 

not inhibit PGE2 induced contractures of the rat fundic strip, demonstra-

ting that its action was perhaps at a different site. Recently Benn~ 

et ai (7978) reported that SC19220 antagonized PGE2 but not endoperoxide 

(PGH2) analogue induced contractures of the rat fundic strip. They con-

eluded that several receptor types were present in this prep.ration. 



Recently Haeuhl~ and G~d (1978) reported that hydralazine incre-

ased prostaglandin E like material in canine venous blood. The data obt-

ained in v~o, using the isolated perfused mesenteric vascular bed, 

showed a similar increase in PGE2 biosynthesis. The levels of PGI2 fell 

back to prehydralazine concentrations whereas the release of PGE2 rem-

ained elevated. 

The precise mechanism whereby hydralazine increased PGE2 biosynthesis 

is not presently known. However it appears to be unique in that it antag-

onized the actions of endogenously added prostaglandins while either stim-

ulating the general biosynthesis of endoperoxides or diverting the exist-

ing endoperoxides to PGE2. In v~o and in vivo , hydralazine has been 

shown to be a thromboxane synthetase inhibitor {G!te.enwal..d e.:t M 1978, 

7979). lt has previously been shown by Nijkamp e.:t M (7977] that throm-

boxane synthetase inhibitors diverted the endoperoxides , increasing the 

synthesis of the other prostaglandins. The increase in PGE2 levels seen 

in the presence of hydralazine was most likely due to a similar diversion. 

Hydralazine administered to young hypertensive rats prevented the 

manifestation of the hypertensive state but not the development 

of the altered calcium kinetics seen in hypertensive vessels (Z~o:te.Jt and 

Woichin6ky 1918). This argued against the hypothesis that hydralazine 

acted by altering calcium fluxes (McLe.an e.:t M 1918). 

lt has been suggested that PGI2 released from lungs could function 

as a circulating vasodilator and contribute to the regulation of blood 

vessel tone and blood pressure (Vu,6:ting e.:t M 1978). In studies using 

infusions of PGJ2 Pace-Mc.iak e.:t M (1978) and Sdwtke.n6 [1978) have 

shown that PGI2 had more potent hypotensive properties than PGE2 in the 

c normal and spontaneously hypertensive rat. In a study using normoten-

sive cats Smith e:t at (1978) found that PGI2 was the only consistent 

vasodilator. 
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The data presented here and that of Hae~l~ and G~d (7978) does 

not support the hypothesis that hydralazine acts by stimulating PGI2 bio

synthesis, which then causes the decrease in blood pressure. In the rat 

mesenteric vascular bed hydralazine stimulated PGE2 but not PGI2 biosyn

thesis. 

The results presented here suggest that hydralazine acts as a hypo

tensive agent by both antagonizing the action of a prostaglandin(s) while 

at the same time inhibiting the biosynthesis of perhaps TxA2. Hydralazine 

did not behave 1 ike the classical smooth muscle relaxant, papaverine and 

appeared to be quite unique in its actions. Indeed an understanding of 

its mechanism of action could lead to the systematic development of more 

efficacious agents since this drug has been unchallenged for over thirty 

years [Koeh-Weo~ 1978) as an antihypertensive. 

The value of the mesenteric vascular bed as an experimental system 

in the development and testing of antihypertensive agent was shown in a 

recent report by Voxey (7978) describing the antihypertensive properties 

of tolmesoxide in vivo. The data obtained .{Jl vivo correlated with the 

predictions made from in vi:ttto studies in the mesenteric vascular bed, 

obtained from normotensive animals. 
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SUMMARY 

Prostaglandins (PGs) were tested over the concentration range of 

10- 1 3 to 10-6 M in the perfused rat mesenteric vascular bed (MVB). Nonde-

polarizing stimuli such as noradrenaline (NA) recruit primarily intracell

ular or loosely bound calcium ions (Ca++) whereas depolarizing stimuli 

like potassium ions (K+) recruit primarily extracellular Ca++ (ECF Ca++). 

PGE2, PGF2a and PGA2 enhanced NA and K+ phasic contractions. Low concen-

trations of PGEl and PGA1 potentiated, although high concentrations inhib-

ited NA responses. None of PGEl, TxB2, 6-keto-PGFla, PGD2 or PGB2 influ-

+ enced K contractions. 16,16-dimethyl PGE2 had actions that were a mixture 

of those of PGE2, PGE1 and PGF2a. Indomethacin (INDO) blocked pressor 

resonses to all stimuli (NA, K+, angiotensin (ANGIO), vasopressin, and 

Ca++) whereas the thromboxane (Tx) synthetase inhibitors (imidazole (IMID), 

1-benzyl-imidazole (1-b-IMID), nicotinic acid, and 9, 11-azo-prosta-5,13-

dienoic acid (AZO) inhibited responses to only NA and ANGIO. lhe effects 

of both the cyclooxygenase and Tx synthetase inhibitors were reversed by 

PGE2 at ng/ml concentrations. Analyses of MVB perfusate and incubation 

fluid of mesenteric arterial and arteriole rings by direct RIA and combined 

TLC-RIA procedures, with authentic standards, identified immunoreactive 

PGE2, PGF2a, 6-keto-PGFla and TxB2. INDO inhibited the synthesis of all 

PGs whereas IMID and AZO inhibited only TxB2 biosynthesis. Adenosine 

inhibited NA but not K+ contractions, acting at a site distinct from the 

classical "adenosine" receptor as defined by structure activity relation-

ships. In both isolated lymphocytes and MVB, adenosine and its analogues 

were shown to be PG antagonists. In the MVB neither cyclic AMP nor 

dibutyryl cyclic AMP at concentrations up to 10-2 M had any inhibitory 



c 

c 

effect. Dipyridamole (DIPYR) preferentially inhibited NA and ANGIO 

responses, howeverits actions were distinctly different from adenosine, 

other adenosine uptake blockers or phosphodiesterase inhibitors but similar 

to those of the Tx synthetase inhibitors. The Ca++ ionophore A23187 

abolished NA responses by apparently depleting intracellular activator Ca++ 

stores since K+ responses were actually enhanced by high concentrations of 

A23187. Verapamil, a Ca++ antagonist, inhibited pressor responses to all 

stimuli. Its effect was enhanced by low concentrations of INDO, IMID and 

by a lowering of ECF Ca++. Dantrolene, INDO and IMID prevented ECF Ca++ 

(10- 5 to 10-5 M) stimulation of NA responses but had no effect on the 

inhibitory effects of higher Ca++ concentrations (10- 5 to 10- 2 M). Hydral

azine (HYD) preferentially inhibited NA and ANGIO responses. Unlike IMID, 

and DIPYR, HYD inhibited NA responses in INDO + PGE2 perfused preparations 

an action consistent with antagonism of PGE2 action. In normal prepara

tions the inhibitory effect of HYD plateaued suggesting stimulation of PG 

biosynthesis. RIA analysis showed that HYD stimulated PGE2 but not 6-keto

PGF1a biosynthesis. In the rat fundic strip HYD did not antagonize the 

direct PGE2 contraction though it inhibited PGE2 actions in the MVB. HYD 

therefore apparently acted via a complex interaction with PGs involving 

their biosynthesis and their action(s) at the receptor level. Vascular 

reactivity in the MVB was dependent on PG(s) action(s) at sites proximal to 

the contractile proteins. Various agents acting at the level of PG bio

synthesis or action interfered with pressor responses. The possibility 

therefore existed that PGs and_Tx synthesized within the vascular wall 

play a role in the physiological and pathophysiological responses of the 

microcirculation. 
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CLAIMS OF ORIGINALITY 

1. Utilizing stimuli which recruit either primarily ECF or ICF calcium 

the effects of PGs on vascular reactivity in mesenteric microvessels 

were documented. lt was shown that PGs acted at site(s) which were 

extremely discriminating between PG molecules. This was exemplified 

by the effects of 16,16-diMePGE2 which appeared to be a composite of 

those of PGE2, PGEl and PGF2a. 

2. The characterization of the dependency of vascular reactivity on 

endogenous PG biosynthesis and the demonstration that noradrenaline 

responses appeared to be dependent on a TxA2 biosynthetic capability. 

3. The identification of TxB2 by combined RIA-TLC procedures in the 

c mesenteric vasculature which was sensitive to known cyclooxygenase 

and thromboxane synthetase inhibitors. While this thesis was in 

preparation Ma~~ et at (!979) reported the demonstration of (TxA2} 

TxB2 biosynthesis by bovine cerebral arterioles. 

4. The identification and demonstration that adenosine and its derivatives 

acted as prostaglandin antagonists in both the mesenteric vasculature 

and in isolated lymphocytes. The adenosine site of action was shown 

to be different from the classical 11adenosine" receptor. 

5. The prediction from data obtained in this system that dipyridamole 

was a thromboxane synthetase inhibitor ( Atey et at 7977). Recently 

Beot et at (7979) and G~eenwald et at !1978) confirmed this using plate-

lets as a thromboxane generating system. 
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6. The first demonstration of an effect of dantrolene on vascular smooth 

muscle contractility. From data obtained here, it appeared that 

dantrolene was a thromboxane antagonist (Ally et al 1978). 

7. The elucidation of the mechanism of action of the antihypertensive 

agent, hydralazine, in the mesenteric vasculature. Although this com

pound stimulated PGE2 biosynthesis, its primary action appeared to be 

antagonism of protaglandin actions. Hydralazine did not stimulate 

the biosynthesis of the vasodilatory prostaglandin, PG12. 


