
DRUGS AFFECTING THE BLOOD PRESSURE 
AND VASOMOTOR TONEl 

By W. S. PEART 

St. Mary's Hospital, London, England 

Attention will be concentrated chiefly on the topics of blood pressure and 
vasomotor tone since this field has seen very great advances in the last year. 
Study of the mode of action of the sympathetic nervous system in its post­
ganglionic path has revealed much that is new and important in understand­
ing vasomotor control and the action of drugs used clinically to control high 
blood pressure. 

The effects of electrical stimulation of sympathetic postganglionic vaso­
motor nerves seemed to have been well understood up to about two years ago, 
following the demonstration of the presence of norepinephrine in the fibers 
by von Euler (1) and the subsequent release, mainly of norepinephrine, into 
the blood [Peart (2)). However, the work of Burn & Rand in the last few 
years, which has been admirably summarized by Burn (3), has suggested a 
new mechanism which is rather revolutionary. They believe that sympathetic 
stimulation first liberates acetylcholine at or near the nerve ending. This 
substance subsequently releases norepinephrine from stores either in or close 
to the nerve terminals. The norepinephrine is then liberated into the blood or 
is free to attach to its tissue receptors. This important claim has such far 
reaching consequences for vasomotor control that the evidence must be 
marshalled and assessed. As Burn points out, a sympathetic c!lolinergic 
nerve is not a novelty. The nerves to the sweat glands are the outstanding 
examples [Dale & Feldberg (4)]. However, these fibers seem to be entirely 
cholinergic, and there is good evidence that the type of nerve now considered, 
e.g., the splenic nerves, contain much norepinephrine [von Euler (1); Iggo & 
Vogt (5)]. Iggo & Vogt found about 2.5 p.g/g of norepinephrine in splenic 
nerves of the cat, rabbit, and dog; and SchUmann (6) found an equal amount 
of dopamine with norepinephrine in the splenic nerves of cattle. The starting 
point of the new concept was the observation by Burn (7) that stimulation of 
thE! postganglionic sympathetic nerves to the perfused vessels of the dog's 
hind limb led to vasodilatation unless epinephrine was previously added to 
the perfusion fluid. This led him to the idea that a store of epinephrine, then 
thought to be the sympathetic transmitter, was required at the nerve end­
ings, ready for release. This seemed to fall into place when cholinergic fibers 
were found in the sympathetic chain [BUlbring & Burn (8)], but the effect 
of the epinephrine perfusion was not then understood. The new evidence on 
the main thesis falls into two groups, indirect and direct. 

1 The survey of the literature pertaining to this review was concluded in May 
1961. 
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252 PEART 

INDIRECT EFFECTS 

A large number of drugs are known to affect postganglionic sympathetic 
nerves and free use has been made of these to analyze the underlying basis 
of sympathetic activity. 

DIRECT EFFECTS 

In some instances studies have been made on the nature of the substances 
appearing in the venous effluent from organs following sympathetic stimula­
tion. Drugs which theoretically interfere with release or synthesis of sub­
stances in sympathetic nerves have been incorporated in these studies. 

Reserpine.-The now well-known effect of this drug in depleting tissues 
of norepinephrine, whether arterial wall [Burn & Rand (9)], brain [Holz­
bauer & Vogt (10)], or postganglionic sympathetic fibers [Muscholl & Vogt 
(11)], has given a lead. Burn & Rand (12) showed that previous reserpine 
treatment of the dog led to a dilator response in the vessels on sympathetic 
stimulation and that this could be blocked by atropine. Addition of nor­
epinephrine to the perfusion fluid now led to the usual vasoconstriction on 
stimulation. Moreover, norepinephrine perfused through vessels not treated 
with reserpine enhanced the effects of sympathetic stimulation [Burn & 
Rand (13)] as if some store were being filled that was essential for the greatest 
response to sympathetic stimulation. The evidence for such a store is based 
on firm ground which recent work has supported. Although initially von 
Euler (14) was unable to show an uptake of norepinephrine perfused through 
various sympathetically innervated organs of the cat, recent work by Penne­
father & Rand (15) and the elegant use of 3H epinephrine and norepinephrine 
by Axelrod, Weil-Malherbe & Tomchick (16) and Whitby, Hertting & Axel­
rod (17) have clearly shown that sympathetically innervated organs like the 
spleen and heart do take up these amines when perfused. Even tissues isolated 
in an organ bath, like the colon with intact nerves [Gillespie & Mackenna 
(18)] or the atrium [Burn & Burn (19)], can be similarly shown to take up 
norepinephrine. The precise region of storage is not known. 

Tyramine.-In animals treated with reserpine the pressor action of 
tyramine disappeared [Carlsson et al. (20)] and returned on intravenous in­
fusion of norepinephrine [Burn & Rand (12)]. Further work has shown that 
dopamine, dopa, m-tyrosine, and phenylalanine, all precursors of norepi­
nephrine, will also restore the response [Burn & Rand (21)]. Although there is 
some evidence which suggests that tyramine merely requires the presence of 
norepinephrine to exert its effects [Kuchinsky et al. (22); Nasmyth (23)], the 
most convincing evidence of release of norepinephrine by tyramine is pre­
sented by Lockett & Eakins (24) from the aortic wall in cats and by von 
Euler & Lishajko (25) and Schumann & Weigmann (26) from chromaffin 
granules in splenic nerves, separated by differential centrifugation. Recently 
Burn & Burn (19) showed that tyramine increased the outflow of 14C-labelled 
norepinephrine from atria suspended in an organ bath. All this perhaps 
makes clear the older observations of Burn (7, 27) that, following ganglionic 
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DRUGS AFFECTING BLOOD PRESSURE 253 

sympathectomy, the vasoconstrictor action of tyramine was lost but not that 
of epinephrine. Postganglionic sympathectomy has been shown to lead to 
disappearance of norepinephrine from the spleen and other organs [von 
Euler & Purkhold (28)], and the natural conclusion is that without nor­
epinephrine available for release, tyramine is inactive. 

Cocaine.-The action of this substance has been clarified but bears on the 
main theme rather more indirectly. Macmillan (29) suggested that it pre­
vented the uptake of norepinephrine by tissues, and this was in line with 
Trendelenberg's (30) observation that the rate of disappearance of nor­
epinephrine from the blood was much slower in the cocainized animal. Whit­
by, Hertting & Axelrod (17), using tritiated norepinephrine in a similarly 
treated animal, demonstrated directly a reduced uptake by heart, spleen, 
and suprarenals, as did Muscholl (31). Muscholl further showed that the 
endogenous concentration of norepinephrine and epinephrine was unchanged 
by cocaine and that there was a quantitative competitive block between 
cocaine and norepinephrine. Burn & Burn (19) confirmed the effect of cocaine 
on the isolated atrium, so at least one of its modes of action seems clear. 

The reason for its action on the intact vascular system is less clear, how­
ever. The increased response of the cocainized animal to sympathetic stim­
ulation and injected norepinephrine may be attributable to this block in up­
take of norepinephrine so that more adrenergic receptors are left free to 
cause an increased response [Muscholl (31)]. This argument sounds rather 
circular, especially since this worker showed that tissue stores of the amine 
were not affected by cocaine. Burn & Rand (12) had previously likened the 
behavior of cocainized vessels to those treated with reserpine. In both there 
is supersensitivity to epinephrine and norepinephrine and decreased sen­
sitivity to tyramine. Again, this is like the effect of denervation, and it is 
possible that cocaine is preventing the release of norepinephrine from its 
store in the vessel wall, thus effectively blocking the action of tyramine, 
which seems to depend upon release of norepinephrine. 

Nicotine.-Previous observations on the peripheral actions of nicotine, 
which resemble sympathetic stimulation, have been extended by Burn et al. 

(32), and the conclusion that the vasoconstrictor action is caused by release 
of norepinephrine from the artery wall [Kottegoda (33); Burn & Rand (34, 
35)] is supported. General denervation and treatment with reserpine reduced 
the action of nicotine. This is convincing for reserpine, where, for example, the 
skin content of norepinephrine was greatly reduced, but not so for denerva­
tion where the effects seem much more variable and the skin content of nor­
epinephrine was not affected. The vascular effects are not therefore so readily 
interpreted as, say, the effects on the nictitating membrane. However, nico­
tine may act in part in the way suggested. Further studies on the isolated 
atria were made by Azarnoff & Burn (36), who found that nicotine and 
tyramine increased the rate of beating if norepinephrine had been previously 
added to the bath. Reserpine abolished the effect of both drugs. The effect 
of norepinephrine itself after reserpine was also reduced, and Muscholl (37) 
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254 PEART 

has shown that reserpine blocks certain effector sites and storage sites in 
addition to its depletion effects. It could be argued therefore that both nico­
tine and tyramine liberated norepinephrine, whose action was blocked by 
reserpine. This evidence is, however, too indirect for confidence. The site of 
the store from which nicotine or tyramine might release norepinephrine is not 
known; however, norepinephrine has been extracted from vessel walls 
[Schmiterlow (38)], and there are chromaffin cells present in the skin quite 
close to vessels [Adams-Ray & Nordenstam (39); Burch & Phillips (40)]. 
though their content and function are unknown and hypothetical. 

Acetylcholine.-Burn et al. (32) and Burn & Rand (41) supplemented the 
observations of Kottegoda (33). Kottegoda showed that sympathetic stim­
ulation to the rabbit's ear released not only a norepinephrine-like substance, 
but also an acetylcholine-like substance. In particular, in the reserpine­
treated animal, acetylcholine loses its effects on the blood vessels and atria. 
Further, de Burgh Daly & Scott (42) showed that intraarterial acetylcholine 
caused splenic contraction which was not blocked by atropine but was 
blocked by dibenzyline (phenoxybenzamine). Since dibenzyline blocks the 
receptor sites for norepinephrine, it was concluded that the norepinephrine 
released by acetylcholine was thereby blocked. Perliaps too many assump­
tions are made here about the specificity of dibenzyline. In the reserpine­
treated animal, acetylcholine caused dilatation of blood vessels [Burn & 
Rand (41)]. The sympathomimetic actions of acetylcholine disappeared after 
degeneration of the nerves. 

Much more satisfying evidence has been presented by Brandon & Rand 
(43) who have studied the sympathetic innervation of the spleen and showed 
that an acetylcholine-like substance appeared in the venous effluent follow­
ing electrical stimulation, as in the case of the rabbit's ear vessels [Burn & 
Rand (41)]. Further, following denervation, the acetylcholine content of the 
spleen fell pari pasu with the norepinephrine. That this acetylcholine is not 
just a chance consequence of the presence of some cholinergic fibers in the 
postganglionic sympathetic trunk will be considered later. 

Bretytium.-This interesting drug will only be discussed here as it bears 
on the new concept of sympathetic vasomotor action; it will be considered 
from other aspects later in the chapter. Having seen that there is evidence for 
release of norepinephrine from a hypothetical store, the action of bretylium 
gave further clues. It was shown to block the action of acetylcholine on the 
isolated atropinized atria [Hukovic (44)] and on atropinized rabbit ear 
vessels [Burn & Rand (41)]. The pressor effect of eserine in the rat was 
blocked without affecting the response to norepinephrine [Lesic & Varagic 
(45)], as was the pressor response to tyramine [Lesic & Varagic (46)]. These 
latter two observations are not so clear-cut as they seem when the evidence 
is considered carefully. Since bretylium blocks acetylcholine and since the 
vasoconstriction on sympathetic stimulation of rabbit ear vessels was also 
blocked, the real mode of action of the sympathetic vasomotor nerves comes 
into question. If the evidence for tyramine as a norepinephrine release� is 
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DRUGS AFFECTING BLOOD PRESSURE 255 

accepted, the fact that the effect of tyramine was enhanced when bretylium 
blocked the sympathetic vasomotor nerves suggests that bretylium pre­
vented the release of acetylcholine, so that the norepinephrine stores in the 
vessel wall were intact or even larger [Burn & Rand (41)). The presence of a 
type of cholinergic fiber in the peripheral sympathetic pathway seemed to be 
established, and, as the bretylium block was total, it would seem to be a 
fundamental part of the functioning system of aU the fibers. 

Hemicholinium.-The evidence from the bretylium work was very sugges­
tive, but it was considerably strengthened by the important observations of 
Chang & Rand (47) and Brandon & Rand (43). Hemicholinium interferes 
with the synthesis of acetylcholine and therefore causes a failure of response 
following cholinergic nerve stimulation. This effect can be reversed by 
administration of choline [MacIntosh, Birks & Sastry (48)]. Chang & Rand 
first showed that the effect of sympathetic nerve stimulation was antagonized 
by hemicholinium and restored by the addition of choline. Brandon & Rand 
completed the story by showing that an acetylcholine-like substance ap­
peared in the venous effluent from the spleen of a reserpine- and eserine­
treated cat when the sympathetic nerves were stimulated. 

The evidence that stimulation of the adrenergic nerves releases acetyl­
choline, which in turn releases norepinephrine from the endings or a store in 
the vicinity, seems complete, but it is weU to consider gaps or weaknesses 
since this is such an important claim. If the sympathetic nerve fibers release 
acetylcholine from within or close to nerve endings, then the ,possible ana­
tomical sites should be considered, and so far no very special structures near 
the end of sympathetic nerve fibers have been demonstrated. This awaits 
more refined methods of examination. It is possible to show acetylcholine in 
extracts of postganglionic sympathetic fibers and in the superior cervical 
ganglion of the cow [Loewi & Hellauer (49)]. Koelle (50) demonstrated 
histochemically the presence of acetylcholine esterase. 

The content of norepinephrine is relatively much higher in the organs 
supplied by sympathetic nerves than in the postganglionic fibers themselves. 
For example, as von Euler (51) discovered, the splenic nerves of the cow, 
which consist almost entirely of C fibers, contain about 15 p.g/g of nor­
epinephrine, whereas the spleen contains 3 p,g/g. If an assumption is made 
about the proportion of nerve endings to other splenic tissue, then the con­
centration in the nerve endings would be 3 to 30 mg/g of nerve. This is 
roughly of the same order as in the adrenal medulla so that it is within the 
known capacity of some cells. However, there is no direct evidence as to the 
localization of such a store within or without the nerve endings. At such 
concentrations it should be possible to demonstrate norepinephrine by 
relatively simple histochemical techniques. Alternatively, the use of tritiated 
norepinephrine, whi�h could be taken up in the nerve endings, followed by 
autoradiography of fi;sue slices, might solve the problem in sympathetically 
innervated tissues. 

There is no doubt that there is a biochemical difference as far as extract-
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able substances are concerned between, say, the vagus and the splenic nerves; 
the vagus contains 0.1 p.g/g of norepinephrine, compared with 15 p.g/g in the 
splenic nerves [von Euler (51)]. Further, in addition to norepinephrine, 
dopamine and dopa decarboxylase have also been shown in sympathetic 
fibers [SchUmann (52)]. What is also very important, however, is that the 
norepinephrine is found along the length of the nerve away from the in­
nervated organ [Iggo & Vogt (5); von Euler (51)], and it may be asked how 
this fits into the new concept. 

Although the high acetylcholine content of the spleen has been known for 
a long time, the exact location of all these substances, in particular, their 
anatomical relation one to another, is now of the greatest importance. 
However attractive the new hypothesis of sympathetic action is, these 
doubts still exist because the evidence is not always conclusive and in some 
cases is contradictory. A great deal seems to depend upon specificity of action 
of blocking drugs; before too much weight is put upon the action on isolated 
tissues of substances like bretylium and hemicholinium, complete evidence 
about other possible modes of action is needed. This is brought out in one of 
the main conclusions in the hemicholinium story. Brandon & Rand (43) 
showed that stimulation of the sympathetic nerves was blocked by hemi­
cholinium and they concluded that this was attributable to an initial block 
of formation of acetylcholine which was not then available to release nor­
epinephrine. It would have been desirable to show that under these cir­
cumstances norepinephrine itself was not liberated following stimulation of 
the nerves. Because many of these drugs are probably not unifunctional in 
action, this may lead to too much weight being placed on the reduction in an 
effect (for example, reserpine on acetylcholine-induced contraction of the 
dog's spleen), while leaving unexplained the potentiation of norepinephrine 
in similar circumstances by bretylium. 

HYPOTENSIVE AGENTS 

In the last two years many new drugs that lower blood pressure have been 
introduced for the treatment of hypertension. Some have already been 
discussed, but further points should be made since, as is so often the case, 
study of human pharmacology and therapeutics reveals facets of drug action 
unsuspected in animals or organ baths. This is often a result of dosage level. 
An example is reserpine, which produces its hypotensive effects in man with 
repeated doses of the order of 5 to 10 p.g/kg. Many experiments with reser­
pine in animals employ much larger doses, for example, in dog 500 p.g/kg, in 
rabbit 3000 p.g/kg [Burn & Rand (12)], or in organ baths where, if the same 
concentrations were reached in the whole body fluids, enormous doses would 
have to be given. For example, Azarnoff & Burn (36) suspended rabbit's 
atria in a concentration of reserpine at 4 p.g/ml. If reserpine were distributed 
freely in the extracellular fluid, this would represent a dose of about 125 mg 
to a normal man, although, because of other effects, it is usually not desirable 
to use a single dose above 0.5 mg. This is a most important principle to 
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understand when far reaching conclusions are being drawn from the use of 
drugs about physiological or pathological mechanisms. The results of organ 
bath experiments and animal experiments cannot be transferred uncritically 
to explain the mode of action of the drug, either in man or in the many 
animals being considered. 

Reserpine.-The above remarks are particularly apposite with respect to 
this drug and its effect in depleting norepinephrine in the vascular system. 
Some human experiments point to other actions which require further 
explanation. Parks et at. (53) have infused reserpine into the brachial artery 
of man and shown a considerable vasodilating action, which could be pre­
vented by ordinary therapeutic doses of reserpine given previously. The 
vasodilating action was not affected by antihistamines, atropine, or by 
sympathetic denervation. During the dilatation, there was no increase in the 
direct response to norepinephrine or to reflex sympathetic activity. Among 
other possibilities, it suggests that reserpine releases norepinephrine from 
vessel wall stores which may be essential for a given state of tone, and that 
these stores are not depleted by sympathectomy, nor, in fact, affected by 
sympathetic stimulation. In practice it is still uncertain as to how reserpine 
administered therapeutically lowers the blood pressure and whether it is a 
central action on the brain where the release or depletion of norepinephrine or 
5-hydroxytryptamine occurs. Also, whether it has a similar effect on the 
peripheral sympathetic neurone or the vessel wall remains to be seen. 
Adequate analysis of reserpine's action in man has not been undertaken. Its 
effects, mainly from a therapeutic angle, have been well reviewed by Krogs­
gaard (54). 

Bretylium.-There are some further points to be made about the action of 
this substance, first described by Boura & Green (55). The localization in 
sympathetic ganglia and postganglionic fibers using radioactive bretylium 
was shown by Boura et al. (56). They further showed that, apart from block­
ing sympathetic discharge and the subsequent release of norepinephrine, 
there was a distinct increase in the sensitivity of the innervated organ to 
added norepinephrine or epinephrine. This has been amplified by Aviado & 
Dil (57), Vernikos-Danellis & Zaimis (58), and Gokhale & Gulati (59). This 
particular supersensitivity is, of course, part of the larger problem of in­
creased sensitivity in organs denervated by surgery or by drugs, which is 
well reviewed by Emmelin (60) as "pharmacological denervation." The use 
of bretylium therapeutically has not been as successful as initially hoped 
and the supersensitivity induced may, in part, have something to do with 
this. 

Guanethidine.-This substance was first described by Maxwell, Mull & 
Plummer (61) and the actions further reported by Maxwell et al. (62, 63). 
Depletion of norepinephrine stores at or near the nerve endings seems to be 
the fundamental mode of action, and it seems to cause the same sort of 
supersensitivity as bretylium [Vernikos-DaneIlis & Zaimis (58); Maxwell 
et at. (64); Cass, Kuntzman & Brodie (65)]. There are certainly other effects 
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and other modes of action, but a complete analysis has not been made. In 
patients, clues to certain of these other effects may be given by the sleepiness 
and depression which sometimes occur. Investigation of guanethidine's 
actions on circulation are reported by Richardson et al. (66), Taylor & 
Donald (67), Dollery, Emslie-Smith & Milne (68), Gaffney (69), and Mc 
Cubbin, Kaneko & Page (70). It seems likely that the postural hypotensive 
action is closely related to a reduction of cardiac output. This brings up the 
point, as with the ganglion-blocking drugs, that the effect on veins and 
venous distensibility and the reflex vasomotor action on veins have been 
rather neglected compared with the studies and effects on the peripheral 
arterioles. 

Chlorothiazide and congeners.-These substances are of great interest 
therapeutically as hypotensive agents. They only seem to be effective in 
lowering high arterial pressure, and controversy has arisen over whether the 
action is purely caused by a reduction in blood volume as was thought ini­
tially, or whether other effects are also present. Certainly the blood volume 
does drop, as does the body sodium, due to renal excretion. This subject has 
been ably reviewed by Freis (71), and the conclusions are that this initial 
change in blood volume can be reversed by dextran infusion [Dollery, 
Harrington & Kaufman (72)] and that in this early phase the cardiac output 
decreases on standing. However, after some weeks the plasma volume returns 
to normal and. the effect of the drug on blood pressure is not decreased 
[Wilson & Freis (73)]. This raises the possibility of other modes of action, 
and an effect on peripheral resistance has been suggested by Varnauskas 
et at. (74) who showed that the cardiac output rose less in response to 
standard exercises than before the drug. They suggested a drop in the 
arteriolar resistance that could not be restored by returning the plasma 
volume to its previous levels. This view is supported by Conway & Lauwers 
(75). 

A lessened response of the vessel wall to local norepinephrine is suggested 
by diminished pressor response to infused norepinephrine in normal treated 
subjects [Wanko & Freis (76); Merrill, Guinand Baldo & Giordano (77)], 
although, of course, the blood volume or cardiac output effect may be 
important here. A more direct approach to the peripheral vessels and their 
responses was made by Mendlowitz et at. (78) who showed a decreased 
response to intraarterial norepinephrine in treated subjects. Winer (79) 
looked at other factors and found that, even when the plasma volume was 
restored to normal after the first weeks of treatment, sodium depletion was 
still present and, if this were corrected, the blood pressure returned to its 
pretreatment level. This seems a very likely explanation of the long-term 
effects. An investigation of the effect of sodium depletion on the local 
vascular response to norepinephrine would be of interest. 

ACTIVITY OF THE SYMPATHETIC NERVOUS SYSTEM AND CIRCULATION 

Besides the primarily indirect studies reported above, another approach 
for assessing the degree of activity of the sympathetic nervous system has 
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been made by studying norepinephrine and epinephrine metabolism in the 
animal. Clearly it is difficult in the intact animal to assess the degree of such 
activity by electro physiological methods, but because of increased knowl­
edge of the metabolic pathways of catechol amines, it has become possible to 
obtain quantitative data about their rate of production and excretion. 

Since most of the norepinephrine liberated in the body is probably from 
sympathetic nerve endings in blood vessel walls, an adequate measure of this 
substance and its metabolites gives some idea of the degree of sympathetic 
activity. A start on this was made by the early studies of von Euler and his 
co-workers (51), who observed differences in the rate of urinary excretion of 
free norepinephrine between lying and standing and in patients with ortho­
static hypotension where the sympathetic discharge was low. Some interest­
ing studies were carried out by Munro & Robinson (80) who found that the 
blood levels of norepinephrine were low in patients with high transection of 
the spinal cord. In other patients with lower levels of transection the blood 
levels were higher. This would in itself clearly point to differences of sympa­
thetic discharge and would encourage the view that measuring the metabolic 
products of norepinephrine was really measuring sympathetic activity 
indirectly. Clearly any alteration of the metabolic path of norepinephrine 
would render the results invalid. 

Observations like those of Trendelenberg (30) and Muscholl (31), who 
showed that cocaine blocked the uptake of norepinephrine from the circula­
tion, showed the need for caution, since if released norepinephrine were not 
taken up in tissues, the total metabolic fate might be very different. A 
further example is the finding of an increased rate of metabolism of epi­
nephrine and norepinephrine following the administration of various sym­
pathomimetic amines [Axelrod & Tomchick (81)]. This is very like the action of 
reserpine, and an increase occurs in the amounts of conjugated O-methyl. 
The sympathomimetic amines may interfere with tissue binding, leaving the 
epinephrine and norepinephrine more open to oxidation. This would mean 
that total metabolic studies of this sort ought to be controlled by the use of 
isotopic markers as in studies of aldosterone secretion [Laragh et al. (82)]. 
There is, however, no evidence that there is a very great variation in meta­
bolic pathways among different subjects. The subject of quantitative 
norepinephrine metabolism and blood pressure has been dealt with by 
Sjoerdsma (83), who also provided an interesting discussion on the use of 
monoamine oxidase and decarboxylase inhibitors. 

Monoamine oxidase and decarboxylase inhibitors add another tool in the 
analysis of sympathetic activity on the vascular system. Their usefullness 
lies in the fact that the pathway to norepinephrine goes from dihydroxy 
phenylalanine to dihydroxy phenylethylamine (dopamine) by decarboxyla­
tion, and thence to norepinephrine and epinephrine before their removal as 
inactive substances by oxidative deamination. Even if normal amounts of 
norepinephrine were formed in the arterial wall, there could be an increased 
vasoconstriction if it were not quickly removed, for example, by deficiency 
of amine oxidase or O-methyl transferase [Axelrod et a1. (84); Labrosse, 
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Axelrod & Kety (85); Kopin (86)]; therefore, techniques defining this type of 
enzymic activity are needed to give definition to studies of over-all sympa­
thetic vasomotor action. Tyramine is a substance which seems to be com­
pletely dependant on amine oxidase for its final metabolic path. If the 
metabolism of this substance is studied quantitatively, it gives information 
about the state of this enzyme system [Sjoerdsma et at. (87)]. Similar use has 
been made of diisoproterenol, which is metabolized exclusively by O-methy­
lation. Clearly, sympathetic activity can now be studied using a large number 
of new techniques. 

An interesting application of this knowledge has been the attempt to use 
monoamine oxidase inhibitors in the treatment of human arterial hyperten­
sion [Sjoerdsma (88); Horwitz & Sjoerdsma (89)], which has not been very 
successful due to other associated effects. The use of decarboxylase inhibitors, 
in this instance alpha inethyl dihydroxy phenylalanine (alpha methyl dopa), 
has, however, been more successful [Oates et at. (90); Sjoerdsma (91); 
Gillespie (92)]. The fundamental action of this substance was first described 
by Sourkes (93). The proof that decarboxylase was inhibited was provided by 
showing that dihydroxy phenylalanine (dopa) was not converted to dopa­
mine in the usual amounts. However, the therapeutic effects may not purely 
depend on this aspect [Goldberg, DaCosta & Ozaki (94)], and further 
analysis of the mode of action on the circulation is needed. 

BRADYKININ 

Elliott, Lewis & Horton (95) were the first to isolate the pure substance 
bradykinin and determine its amino acid composition. Its biological activity 
was shown to be the same as the crude preparation from which it was derived 
[Elliott, Horton & Lewis (96)]. Initially they thought it contained eight 
amino acid residues and, in particular, two of proline, but synthesis of the 
proposed structure showed it inactive [Boissonnas, Guttmann & Jaquenoud 
(97); Schwyzer et at. (98); Nicolaides et al. (99)]. The facility of the synthetic 
chemist was shown when Boissonnas and co-workers (100, 101) synthesized a 
similar nonapeptide with three proline residues and with the same biological 
properties as natural bradykinin. The missing proline in the natural brady­
kinin was soon assigned to its place, and the joint publications of Konzett & 
Stiirmer (102), Lewis (103), and Shorley & Collier (104) clarified the position. 
The synthetic and natural bradykinin has the structure Arg· Pro· Pro· Gly· 
Phe· Ser· Pro· Phe· Arg. 

Studies of the actions of synthetic bradykinin on isolated tissues and 
organs have been made by Fox et al. (105), Elliott, Horton & Lewis (106), 
and Konzett & Sturmer (107). The major action on the circulation seems to 
be that of vasodilatation affecting not only arterioles, but also capillaries, 
where increased permeability occurs. Hence a fall in blood pressure occurs on 
intravenous injection; in man this is accompanied by a marked facial flush. 
Skin and muscle flow both increase on intraarterial injection. A full review of 
the vasodilator peptides derived from plasma proteins has been made by 
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Lewis (108), and this gives a wider view of the origin and formation of 
substances like bradykinin in the plasma and extracellular fluid. Their 
probable physiological and possible pathological role, deduced mainly from 
work on vasodilatation in the salivary gland [Hilton & Lewis (109)] and 
sweating in the skin [Fox & Hilton (110)], needs consideration. 

Similar studies have been made on plasma kinins during human parturi­
tion by Armstrong, Keele & Stewart (111). There are two main difficulties in 
interpreting this work. The first difficulty is that any interference with the 
plasma may release kinin activity [Schachter (112)], and in some of this 
work dilution of the plasma or extracellular fluid does invoke this possibility. 
Even contact with glass has been shown to release kinin activity [Armstrong 
et al. (113)]. However, when the other approach is made to show directly the 
kinins in circulating blood, the marked lability of bradykinin emerges. It is 
destroyed within minutes or less by "kininases," which are difficult to 
remove or inhibit [Horton (114)]. Losses on extraction of the plasma are 
large and unpredictable and hamper advance. Nevertheless, these experi­
ments are a striking approach to the demonstration of highly labile vaso­
active substances which are released in organs and which may be responsible 
for local control of the circulation in response to activity in the organ. Since 
the clearest demonstration of vasoactive substances has been in extracellular 
fluid [Hilton & Lewis (109); Fox & Hilton (110)], the new idea of release 
into this fluid of active substances, which then act on blood vessels, needs 
consideration. On teleological grounds (and this must not be despised), it 
seems desirable that such a substance should be released into the extra­
cellular fluid where it might have a longer time for action. In any case, since 
tissue enzymes, such as kallikrein, release the kinins from substrate and 
since time is needed for this action, it would not be very reasonable for this 
reaction to occur within the blood which is flowing through the organ, 
because the active substance would be rapidly carried away and destroyed. 
The situation is very like that of acetylcholine metabolism before the 
discovery of eserine. 

RENIN AND ANGIOTENSIN 

Major advances have been made in the investigations of renin and 
angiotensin, and although the exact role of the renal enzyme renin and its 
peptide end product, angiotensin, is still undefined, much suggestive evidence 
has accumulated. Some of the renin and most of the angiotensin work has 
been reviewed recently by Page & Bumpus (115). The earlier renin work was 
reviewed by Gross (116) and Peart (117,118). 

Renin still remains an enzyme of puzzling nature. Knowledge of its 
exact location has come closer due to the elegant work of Cook (119), who 
succeeded in assaying renin in the separate halves of glomeruli, and of Bing & 
Kazimicrczak (120), who used a different microdissection technique. From 
these direct approaches depending on final biological assay, it seems that 
renin is situated very close to the vascular pole of the glomerulus. 
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Some more definite idea of the role of renin would emerge if the precise 
cellular and ultimately intracellular location of renin were known. This 
awaits more precise techniques. Such a seemingly precise technique using a 
fluorescent antibody to renin to locate renin by ultraviolet microscopy in 
histological sections, has been reported in two publications by Nairn, 
Fraser & Chadwick (121) and Hartroft & Hartroft (122). Nairn, Fraser & 
Chadwick claimed that renin was present around the total circumference of 
the glomerulus, which conflicts with the direct evidence quoted above and 
further illustrates that this technique can give misleading results. In using a 
fluorescent antibody to reveal an antigen it is axiomatic that the antigen from 
which the labelled antibody is made must be pure. Neglect of this essential 
may lead to the production of antibodies to other contained antigens. Since 
neither of these reports provide evidence that the preparations of kidney 
used as antigen were pure, this criticism applies. 

There is now a large body of work depending on argument by analogy 
and parallel change which shows that the renal content of renin fluctuates 
directly with the degree of granulation of the juxtaglomerular apparatus. 
Procedures causing degranulation are associated with a decrease in renin 
content [Hartroft & Hartroft (123)]; this subject has been specifically 
reviewed by Tobian (124). Gross (125) has ably reviewed the experimental' 
background relating the kidney and the adrenal, particularly with reference 
to hypertension, a field in which he and his colleagues have made great 
contributions. This relation is brought out by such observations as the 
drop in renin content if deoxycorticosterone acetate or aldosterone is given 
to rats and an increased renin concentration after adrenalectomy. This, of 
course, relates to the observations on juxtaglomerular granulation, but, 
unfortunately, concentration is no guide to rate of secretion. 

Recent attempts to show renin in the renal venous blood of rabbits with 
renal clip hypertension have been unsuccessful [Peart (126») despite ready 
detection of infused renin. It is likely that renin as such has been demon­
strated in renal vein blood only when the artery has been clamped off for a 
considerable time, as in the original experiments of Houssay & Fasciolo 
(127, 128) and Braun-Menendez et al. (129). This is not the same as estab­
lished renal hypertension. 

It would not be surprising if gross ischaemia or partial autolysis led to 
release of other intracellular enzymes besides renin. However, new informa­
tion about angiotensin makes a new look at renin essential. This stems not 
only from the renal/adrenal link noted in the rat but from the fact that 
patients with malignant hypertension may secrete and excrete in the urine a 
large excess of aldosterone. This fact led Laragh et al. (130) and Genest et al. 

(131) to infuse angiotensin in man which caused an increased secretion rate 
and a

"
n increased excretion rate, respectively, of aldosterone. Such an increase 

immediately suggests the release of renin and the formation of angiotensin to 
cause this adrenal stimulation in malignant hypertension, but the demon­
stration of this has still not been achieved. Further evidence is provided by 
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Davis et al. (132) and Ganong & MiIlrow (133) who have shown the release 
into the blood, after severe controlled hemorrhage in the dog, of a substance 
that stimulates aldosterone production. This substance may well be renin 
but more direct evidence is necessary. A most important question is whether 
this means that renin situated close to the glomerulus 'is intimately concerned 

. with water and electrolyte metabolism by release into the blood, production 
of angiotensin, and, thereby, control of aldosterone secretion and the con­
sequent sodium and potassium handling by the kidney. Although it would 
seem to be a rather cumbersome method of control, it is obviously a possibil­
ity since renin first acts on the substrate to produce a decapeptide [Peart 
(134)], which then is changed by a "converting" enzyme to an octapeptide 
[Skeggs, Kahn & Shumway (135»), which then acts on the suprarenal. 
Because control of aldosterone secretion has not yet been clearly defined, 
this new candidate arouses excitement, especially since it is a peptide, and 
the analogy with ACTH is obvious. 

The direct effects of angiotensin on adrenal slices or after intraarterial 
injection into the adrenal should be soon forthcoming. At present, angioten­
sin seems to be the most potent known stimulator of aldosterone production. 
It is capable of car;:ying out this part of its action without raising blood 
pressure in man [Genest et al. (136)]. It may well be that the position is like 
that of vasopressin, which, although it has a vasopressor action in large 
doses, is physiologically released in small amounts as an antidiuretic sub­
stance. 

Much more work is needed to clarify this interesting situation. If angio­
tensin is now to be looked on mainly as a stimulator of the adrenals, it raises 
the questions of the relation to circulation of aldosterone, as well as other 
steroid hormones, and, in particular, whether it could be concerned with the 
hypertension of renal artery stenosis. 

In the nonmalignant stage of hypertension, the secretion of aldosterone 
seems to be normal [Laragh etal. (82)], and, as has just been stated, the 
stimulus to aldosterone production can be achieved with non pressor infusions 
of angiotensin [Genest et al. (136)]. It would seem that in less severe or non­
malignant hypertension either smaller amounts would have to be liberated or 
none at all. Nevertheless, the effect of aldosterone on the whole circulation, 
about which little is known, is thereby raised for consideration. 

The effect of aldosterone on blood pressure was considered by Gr9ss (125). 
Unlike deoxycorticosterone acetate, it does not readily cause hypertension 
experimentally, even in the rat, which is peculiarly liable to develop hyper­
tension with salt and various steroid administrations. In man, excessive 
production of aldosterone, as in the so-called secondary hyperaldosteronism, 
is not usually accompanied by hypertension (as in cirrhosis of the liver with 
ascites, or nephrosis with edema), unlike the severe hypertension associated 
with primary aldosteronism and a tumor in the suprarenal [Conn (137)]. 
Although the circulatory states as well as the water and electrolyte conditions 
of these groups of patients differ widely, the effects of the hormone need 
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clarification under any condition, since its pharmacology is still at a super­
ficial state. 

The other major effects of angiotensin on circulation can be summarized 
by stating that is is an over-all vasoconstrictor in skin, muscle, kidney, 
splanchnic area, and lung, with more action on the arterioles than on the 
veins [Page & Bumpus (115); Gross (116); Peart (117)]. It raises the blood 
pressure in man in doses of 1 to 4 p.g per minute, and, as with norepinephrine, 
the rise in blood pressure leads to reflex vagal action and bradycardia. 

A decrease in cardiac output is also associated with angiotensin in normal 
subjects. It is especially potent on renal circulation [Peart (117); Bock & 
Krecke (138)] where the plasma flow is greatly reduced in the normal subject. 
The antidiuretic action in the normal subject is accompanied by a marked 
drop in sodium, potassium, and chloride excretion and is probably attribut­
able to a direct effect on the renal vessels [Peart (117)], but Leyssac, Lassen & 
Thaysen (139), using evidence derived from an in vitro effect on kidney slices, 
have suggested that it might act directly on sodium transport. There is 
certainly no evidence against a direct tubular effect which would have to 
have a very quick onset, but it seems more likely that a vascular action and 
the effects of ischaemia, perhaps of a selective type, on tubular function are 
responsible for the effects on the water and electrolyte excretion. Certainly 
the presence of antidiuretic hormone is not essential to the angiotensin 
antidiuresis since it occurs in patients with diabetes insipidus [Peart (118)]. 

The fact that angiotensin infused into hypertensive subjects causes 
diuresis and sodium loss, however, illustrates the danger of extending an 
argument based on the action of a substance in a normal subject to either a 
changed state or to a pathological state [Peart & Brown (140); Peart (141)]. 
This action is contrary to the usual action of aldosterone, so if increased 
secretion occurs, its renal action is readily overcome by the dose of angioten- . 
sin used. 

The precise mode of action on the vessel wall is not known, and at present 
no pharmacological blocking agent has been described with any specific 
effect. In rather large doses, Friedman, Friedman & Nakashima (142) found 
that angiotensin caused sodium and water to shift into the arterial wall, and 
they believe that this altered ratio of intra- to extracellular sodium plays a 
large part in vascular tone and, therefore, in blood-pressure regulation. With 
this sort of experiment, it is difficult to dissociate cause from effect. Thus 
the role of this peptide in physiological or pathological states is still uncer­
tain. 

It is now possible to consider whether renin is a genuine hormone which 
exerts its action by producing angiotensin, that in larger amounts acts as a 
direct vasoconstrictor to raise the blood pressure or in smaller amounts has 
no obvious immediate action on the blood pressure. It might then second­
arily cause hypertension through another mechanism, perhaps by stimu­
lation of aldosterone secretion, which secondarily may have some action 
on the blood pressure or on water and electrolyte metabolism. There is no 
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real evidence for the former and only suggestive evidence for the latter. 
Another possibility is that the release of renin into the blood stream is a 
chance phenomenon, that only occurs under extreme damage to cell walls in 
the kidney, similarly to the release of other enzymes or substances into the 
circulation under these conditions. Renin could then be looked upon as a 
stored enzyme, not normally released, but with an action either within the 
kidney's own cells or close to them as a local hormone within the kidney 
[Peart (141)]. Like the enzymes which release bradykinin into the extra­
cellular fluid of the salivary gland [Hilton & Lewis (109)] or near the sweat 
glands [Fox & Hilton (110)] and which are responsible for local vasodilata­
tion, renin could release angiotensin to act directly on renal vessels or 
nephrons. Perhaps in acute glomerular nephritis such a local release may be 
responsible for some of the functional effects. An analogous situation again 
might be the release of sympathin into the blood stream following stimulation 
of the sympathetic nerves. This release is probably independent of the action 
of the nerves and can be regarded as a spill-over of excess hormone [Peart 
(143»). 

The main factor holding up further advance in this field is lack of knowl­
edge of the precise location of renin in the kidney and a real knowledge of the 
true production rate, or its concentration in the blood. In the case of angio­
tensin, there is hope that this position will be improved by the use of the 
method of Paladini, et al. (144) as modified by Scornik, Paladini & Braun­
Menendez (145). A real knowledge of the quantity circulating and compari­
son with the known substance will bring an answer to some of these difficult 
questions and will remove the subject from the conjectural state it has been 
in for so long. 
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