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The responses of normal and hypertensive vascular smooth muscles to specific
drugs and physical agents are the subject of the second part of this review, Part
I (849) having dealt with general structural and biophysical properties. In pre-
senting this survey we shall consider it axiomatic that there can be marked dif-
ferences among the effects of drugs on different regional circulatory beds or con-
secutive and nonconsecutive vascular segments and indeed among different
smooth muscle fibers within the same vessel. Therefore, we have not attempted
to compile an encyclopedia of the drug effects on individual vascular beds among
different species, but have preferred to emphasize the clinically and physiologi-
cally more important effects of drugs on blood vessels. The proceedings of a re-
cent symposium on vascular neuroeffectors include additional information in this
field (101).

The mechanisms of drug action, rather than the effects of drugs, were intended
as our central theme. This decision inevitably led to the review of some studies
in vivo in addition to our main subject, the investigations of isolated blood vessels.
For the same reason, in exploring the mechanisms of drug interactions, we found
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it desirable to consider the metabolism of the drugs discussed. In attempting to
fit the mode of action of drugs on smooth muscle within the general framework of
pharmacological mechanisms, a somewhat arbitrary selection of pertinent ma-
terial has been unavoidable.

1. ANGIOTENSIN

Extensive reviews by Page and Bumpus (698) and by Peart (718) have dealt
authoritatively with advances in this subject.

A. Species-spectficity and the effect of structural variations

Angiotensin I is a decapeptide derived from a plasma globulin, angiotensino-
gen, by the hydrolytic action of the enzyme, renin (698, 718, 840). Renin is highly
species-specific (840) and even the slight activity of hog renin on human angio-
tensinogen recently reported by Arakawa et al. (37) has been denied by Skeggs
et al. (840). Modified, granular smooth muscle cells in the kidney are the major
source of renin (Part I, section I F; 367, 698), but the enzyme also occurs in hog
and rat aorta (367, 771). Renin is localized primarily to the outer media and
adventitia in the hog abdominal aorta and its concentration in the whole aorta
is about one thousandth of that in the hog kidneys (367). The parallel fall in rat
aortic and plasma renin activity after bilateral nephrectomy (771) could indicate
a renal source of the vascular enzyme.

Angiotensin I is converted to the biologically active octapeptide angiotensin
II by the converting enzyme (698, 718, 840). Converting enzyme is present in
" plasma and has also been demonstrated in the aorta (698). Tissue converting-
enzyme activity may be responsible for the occasional biological activity of angi-
otensin I on isolated tissues (698, ¢f. 916). Vane (916) found a high converting
activity in the perfused pulmonary bed of the guinea pig but not in the systemic
vascular beds investigated, and suggested that the lungs are the major sites of
conversion of angiotensin I to angiotensin II (54a, 916).

The structure-activity relationships of various angiotensin analogues and
derivatives have been discussed by Bumpus (153), Riniker and Schwyzer (754)
and Skeggs et al. (840). The amino acid in the 5-position of angiotensin is iso-
leucine in the horse, hog (698, 718, 840), and man (36), and valine in the ox (698,
718, 840). The structural requirements for biological activity include (153, 475a,
840): 1) a free C-terminal carboxyl group and at least six amino acids from the
C-terminus; 2) the aromatic groups in positions 4 and 8; 3) proline in position
7, possibly to maintain the reactive groups in the required position; and 4) the
imidazole group, or an isosteric susbtituent that can have a markedly different
pK than that of imidazole (30), in the 6 position. Structural alterations of the
angiotensin molecule may also influence its biological activity indirectly, by
making it more resistant to enzymatic breakdown. Thus, desamino-val-5-angio-
tensin II is resistant to attack by leucine aminopeptidase and also has prolonged
rat pressor activity (754). Calcium is required for plasma angiotensinase A ac-
tivity (153). It has been suggested, however, that tissue, rather than blood, en-
zymes account for the metabolism of angiotensin in vivo (54a). A technical con-
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sideration relevant to experiments ¢n vitro is the adsorption of very low concen-
trations of angiotensin to glass surfaces at neutral pH (698).

According to Helmer (410) on rabbit aortic strips asparginyl-1-valine-5-angio-
tensin II has only one-fourth the contractile effect of an equal pressor (cat) dose
of the aspartyl-peptide (but ¢f. 501). Tachyphylaxis to the two peptides also ap-
pears to be different (this section B). Comparison of the pressor activity of iso-
leucine-5- with that of valine-5-angiotensin I produced conflicting results (698).
A comparative study of the effects of the two peptides on isolated vascular smooth
muscle of several species (hog, ox, horse) would be of great interest, in order to
determine whether vascular receptors ‘‘show preference” towards the angiotensin
of the same species. In this context, it may be noted that avian blood vessels are
not contracted by valine-5-angiotensin II-amide (853). We have not found in-
formation on whether a renin-angiotensin system is present in birds, and will not
exclude the possible existence of an avian angiotensin having an amino acid se-
quence slightly different from that of mammals and having avian vasoconstrictor
activity.

B. Effect on veins, pulmonary vessels, and membrane potential;
angrotensin tachyphylaxis

Since the review by Page and Bumpus (698) it has been shown that valine-5-
angiotensin amide has, albeit limited, constrictor effect on certain veins. Strips
of canine mesenteric and pulmonary veins (856) and of several rabbit veins
(878) are contracted by valine-5-angiotensin amide. In o valine-5-angiotensin
amide constricts small limb veins (272), small canine renal veins (988), and canine
mesenteric veins (856). The development of tachyphylaxis to angiotensin by
veins is very rapid (see below).

Pulmonary arteries of several mammals are constricted by angiotensin in
vitro and in vivo (56, 122, 311, 477, I 555). Thus, although the hemodynamically
demonstrable pulmonary vasoconstrictor effect may be minimal (698), mam-
malian pulmonary arterial and venous (856) smooth muscle is not totally insensi-
tive to angiotensin.

The major effect of angiotensin is on peripheral resistance vessels (I 410) and
isolated small arteries are also contracted by angiotensin (122, 907). The central
artery of the rabbit ear is much less sensitive to angiotensin than the more distal
arteries (230). Angiotensin also produces uterine vasoconstriction in ewes (373),
and coronary vasoconstriction in dogs (257).

Angiotensin, like other excitatory agents, depolarizes vascular smooth muscle
(851 and section XXII) and also has a contractile effect on vascular smooth
muscle depolarized with potassium (I 557). Rabbit aortic strips while relaxing in
spite of maintained high concentration (5 X 10~7 w/v) of angiotensin (tachy-
phylaxis) are also gradually repolarizing (858).

Tachyphylaxis to angiotensin has been observed to vary depending upon the
source of vascular smooth muscle. It is particularly pronounced in veins (272,
501, 856, 878) and in arterioles of the hamster cheek pouch (261a) and also easily
demonstrable in small arteries (125, 934) and in rat aortic strips (501, 934).
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Khairallah et al. (501) concluded that angiotensinase is probably the plasma factor
originally found by Page and Helmer (cited in 501) to reverse angiotensin tachy-
phylaxis. A plasma fraction rich in angiotensinase A (153) reversed tachyphylaxis
due to aspartic-1- or asparagine-l-angiotensin (501). Tachyphylaxis to beta-
aspartic-1-angiotensin, an analogue that is not attacked by angiotensinase, was
not reversed by the plasma fraction, but could be reversed by adsorbing the
peptide with Dowex 50. The reversal of tachyphylaxis to angiotensin by angio-
tensinase (501) was subsequently confirmed by two other laboratories (125, 582).
In a third study (934) Dowex 50 did not reverse and renal extract only incon-
sistently reversed tachyphylaxis to angiotensin. Angiotensin amide is destroyed
at a faster rate by angiotensinase A than is angiotensin (501). Tachyphylaxis to
angiotensin amide in intact rats (887, 889) and in perfused rat hind limbs and
kidney (889) has been demonstrated, and a recent conflicting report (789) re-
quires further clarification.

In renovascular hypertension an association of increased plasma renin activity
and increased resistance to the pressor effect of exogenous angiotensin have been
reported (819, 834). The authors suggested that the angiotensin-infusion test is
useful for the diagnosis of renovascular hypertension. Others either deny the in-
verse correlation between angiotensin-sensitivity and renin levels (898) or ques-
tion the diagnostic reliability of the angiotensin infusion test (649, 688).

C. Effect of pregnancy, progesterone, Na, and antagonists

Normal pregnancy is associated with an increased tolerance to angiotensin
(414, 623, 885) attributed to increased plasma angiotensinase activity (885). In
rats progesterone treatment also reduces the pressor response to angiotensin
(414), as do aminopeptidase and carboxypeptidase in spinal cats (512). Alloxan
diabetic rats also show increased sensitivity to the vasoconstrictor effects of
angiotensin and catecholamines (148).

Perfusion of rat tail arteries with low (72 mM) Na solution reduces the vaso-
constriction elicited by single dose injections of angiotensin or vasopressin (422).
Submaximal responses of perfused rabbit ears to angiotensin progressively decline
when the Na concentration of the perfusate is increased or decreased by 40 mM
(115). The somewhat greater responses to norepinephrine are not similarly af-
fected. In contrast, acute reduction of Na (by 25%) in the bathing medium
increases the response of rabbit aortic strips to angiotensin, while a similar in-
crease of Na relaxes the angiotensin-induced contraction (670).

Inhibition of angiotensin-induced vasoconstriction by the vasodilator, cin-
narazine, is nonspecific (356), despite earlier claims (801). The antagonism of
several other drugs to angiotensin is also nonspecific (938), and we know of no
truly specific angiotensin-antagonist.

D. Adrenergic interactions

Indirectly mediated effects of angiotensin have been dealt with in recent
studies and implicated in the genesis of labile hypertension due to subpressor
doses of angiotensin (624). Possible sites of interaction include the central nerv-
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ous system, the adrenal medulla, adrenergic nerve endings, and smooth muscle
cells.

Intracerebral injection of angiotensin into the lateral ventricle of cats elicits
an acute pressor response (217, 825) that is inhibited by phenoxybenzamine and
also by pronethalol (825). Inhibition by the beta-blockers, unless due to local
anesthetic action (section IX K) suggests that the pressor response may be medi-
ated partly by a centrally-evoked cardiac inotropic effect. Angiotensin (and also
norepinephrine) injected into the vertebral artery of conscious rabbits elicit a
greater pressor response than does intravenous injection (245). In anesthetized
dogs vertebral artery injection of angiotensin does not evoke a rise in the resist-
ance of cutaneous, renal or muscular bed (987) although it can elicit a rapid
pressor response (fig. 4 in 987). Morrison and Pickford (654) recently measured
the firing frequency of cervical sympathetic discharge and found it to be related
to the level of blood pressure, independent of the nature of the pressor drug
(angiotensin or norepinephrine), and abolished after section of the carotid sinus
nerves, depressor nerves and cervical vagi. They suggested that the effects of
centrally-injected angiotensin are reflex in origin and do not differ from the effects
of norepinephrine.

The constriction of hand veins in man by angiotensin is due primarily to reflex
neurogenic vasoconstriction (235). The effect of intravenous, but not of intra-
arterial, angiotensin on human hand blood flow is inhibited by guanethidine or
phenoxybenzamine (411, 818). The renal vasoconstrictor effect of intravenous
angiotensin may also be neurally mediated (628, 629, but ¢f. 339), but renal
intra-arterial injection has a direct vasoconstrictor effect (339, 533, 628). Neu-
rally mediated reflex vasodilation is nonspecific and secondary to the pressor
effect of angiotensin (221, 259, 987). The release of adrenal medullary catechola-
mines by angiotensin (290) shows positive correlation with its pressor activity in
cats (864). In man catecholamines make little or no contribution to the pressor
effect of angiotensin (818).

Sympathetic vasoconstriction is enhanced by angiotensin in dogs (626). Angio-
tensin also potentiates adrenergic vasoconstriction of cat mesenteric (707) and of
canine cutaneous and renal vessels (987, 989). The physiologic significance of the
minor potentiation of norepinephrine by angiotensin on human hand blood flow
has been questioned (818). Angiotensin also potentiates the pressor response of
the perfused rabbit ear (786 but ¢f. 222) and rat renal artery (413) to norepineph-
rine and to tyramine. Potentiation is not universal and the sympathetic vaso-
constriction of the canine muscular bed and of the rabbit ear artery (222, 990) is
reduced during infusion of angiotensin. Very high (2 X 10~® w/v) concentrations
of angiotensin inhibit the uptake of norepinephrine by rat arteries in vitro ac-
cording to Palai¢ and Khairallah (699). Attempts to demonstrate inhibition of
catecholamine-uptake by angiotensin in vivo have met with variable results and
interpretations that do not support a predominantly cocaine-like effect of the
peptide (703, 707, 786, 990). It has also been suggested that angiotensin may
potentiate the effect of catecholamines by mechanically decreasing the series-
elastic component in blood vessels (222, 702), by increasing catecholamine re-
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lease (989), or via an effect on the smooth muscle (707). The effect of angiotensin
on rat mesenteric vessels is potentiated by exogenous norepinephrine and nerve
stimulation (631).

The effect of angiotensin on vascular strips is direct and not due to release of
norepinephrine from nerve endings. Vascular preparations obtained from re-
serpinized animals remain sensitive to angiotensin (905) and may become super-
sensitive to the peptide (786). Cross tachyphylaxis does not occur in rat aortic
strips between tyramine and angiotensin (700). Cocaine, in sufficient concentra-
tions to block the effects of tyramine, does not block angiotensin (905). A con-
trary report (247) was based on experiments with very high (10-%) concentrations
of cocaine probably leading to nonspecific depression. Methylphenidate, an agent
that also inhibits catecholamine uptake (section IX B), potentiates the response
of rabbit aortic strips to angiotensin (612), but the relationship between the two
effects is uncertain. Completely nerve-free placental (938) and, to a lesser extent
umbilical (I 559)° vessels are also constricted by angiotensin.

II. NEUROHYPOPHYSEAL PEPTIDES AND ANALOGUES

The synthesis of a large number of neurohypophyseal peptide analogues,
largely due to the laboratories of du Vigneaud, Boissonnas, and Rudinger (for
reviews see 83, 126, 780) has spurred much interest in this field and created a
unique opportunity for the study of structure-activity relationships. Several of
the methods used in determining biological activity are assays n vivo (110, 871),
and the potency of a given analogue under these conditions may be strongly in-
fluenced by its metabolism. Structure-activity relationships determined n vivo
are not necessarily representative of the stereochemical relationships between the
receptor and an agonist alone, and the evaluation of the effects of a given struc-
tural change on affinity or intrinsic activity may be difficult.

A. Clearance, inactivation, and binding

The enzymatic metabolism and clearance of neurohypophyseal peptides have
been reviewed recently by Ginsburg (349), Lauson (548), and Tuppy (904).
There are considerable variations in the inactivation of neurohypophyseal pep-
tides among different species. Hepatic inactivation of arginine vasopressin ac-
counts for a large proportion of the peptide cleared in rats, but apparently far
less in dogs (548). The binding of neurohypophyseal peptides by circulating
plasma proteins is also species-dependent (548). Kidney slices inactivate vaso-
pressin (548), and skeletal muscle has oxytocinase activity (904), but similar
data on inactivation by blood vessels are not available.

Enzymatic inactivation of neurohypophyseal peptides is subject to consider-
able substrate specificity. Trypsin inactivates vasopressin but not oxytocin (904).
Chymotrypsin inactivates oxytocin and its derivatives but, if adequately puri-
fied, does not inactivate vasopressin (62, 904). During pregnancy a tissue oxy-

3 References cited in Part I are not duplicated here; citation of these papers in the text

is prefixed by Roman numeral I and followed by the numerical citation given in the Refer-
ences of Part I.
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tocinase appears that cleaves the S—S bond of oxytocin (142, 182). Faster inac-
tivation may account for the reduced depressor activity of oxytocin during
pregnancy (149) although sensitization to the pressor effect (728) may also con-
tribute.

An interesting observation of Chan and Wahrenburg (182) is that although
oxytocin is nonspecifically bound to the myometrium, nonspecific binding of its
deamino derivative is not detectable. Neither is deamino-oxytocin bound by the
pituitary protein neurophysin (for review see 8), nor is it susceptible to leucine
aminopeptidase (904) or serum (in contrast to tissue) oxytocinase (182).

It has been suggested that certain synthetic peptides, such as extended-chain
neurohypophyseal peptide analogues (82) or vasopressin dimers (but ¢f. 798) may
function as hormonogens that are broken down, by enzymatic action, to the
active peptide. The activity and duration of action of these compounds will
obviously depend on the presence of the “liberating” enzymes and the clearance
of the active peptide. The unmodified extended-chain analogues may also act
as specific antagonists to neurohypophyseal peptides (82) leading to more com-
plex interactions than those modeled by simple drug-receptor kinetics.

The pronounced variations in the metabolism of different neurohypophyseal
peptide analogues suggest that structure-receptor interactions of these peptides
could be more clearly established in isolated preparations in which the metabo-
lism and binding of peptides have been characterized. The relative vascular
potencies of neurohypophyseal peptides and their analogues may be different
in vivo and n vitro, as illustrated by the different vasoconstrictor potencies of
(rat) equipressor concentrations of lysine-vasopressin and phenylalanine-2-
lysine vasopressin on the rabbit ear (86). It is not known whether these and simi-
lar differences in peptide activity are related to site-specific variations of peptide
metabolism or to differences in receptor structures.

B. Interactions with magnesium and its effects on biological activity

The vasoconstrictor action of every neurohypophyseal peptide analogue tested
to date, including lysine- and arginine-vasopressin, phenylalanine-2-lysine-8-
vasopressin, deamino-oxytocin, and vasotocin, is specifically potentiated by
magnesium (and by manganese). This Mg-neurohypophyesal peptide interaction
has been demonstrated in vascular smooth muscle of people (umbilical), dogs,
chickens, and hagfish (I 560, 853, 857). Magnesium also potentiates the effects of
neurohypophyseal peptides on the myometrium (181, 535, 804). The myoepi-
thelial and intestinal (excitatory and inhibitory) effects of neurohypophyseal
peptides are similarly Mg-dependent (I 560, 966).

The suggested mechanism of potentiating action of magnesium, based on in-
direct (kinetic) arguments, is that this cation (or manganese) increases the affinity
of the receptors of vascular smooth muscle to neurohypophyseal peptides and
their analogues by inducing a conformational change in the receptors (I 560, 853,
857). Similarly interpreted data have been obtained with uterine (78, 181, 535,
804) and with intestinal smooth muscle (966). The potentiation of neurohypo-
physeal peptides by magnesium has also been demonstrated in depolarized vascu-



VASCULAR SMOOTH MUSCLE. II. 257

lar (I 560) and uterine smooth muscle (535, 804). Schild (804) recently conducted
extensive studies on potentiation of neurohypophyseal peptides by Co, Mn, Ni,
Zn, Mg, and Fe in depolarized myometrium, and suggested that these metals
form ternary coordination complexes with neurohypophyseal peptides and their
receptors.

It has been suggested (78, 853) that, in a given biological system, neurohypo-
physeal peptides with relatively lower intrinsic activity will appear to be potenti-
ated more by magnesium than would the more potent peptides. Vasopressin is
less potent (ED50 higher) than oxytocin as a vasoconstrictor on avian (853) but
more potent (ED50 lower) on mammalian (I 560) vascular strips. Magnesium
increases the maximal response to vasopressin with avian (853) and to oxytocin
(3-fold by 1.2 mM Mg) with mammalian (854) vascular strips. Chan and Kelley
(181) and Krejéf and Polddek (535) found that the potentiation of oxytocic ac-
tivity by magnesium, in a series of neurohypophyseal peptide analogues, was also
inversely related to potency. It would therefore be anticipated that peptide
analogues having very low oxytocic potencies (assayed in Mg-free solutions)
would have somewhat higher activities in the Mg-containing assay-systems based
on milk ejection or the avian depressor or rat pressor effect, and this is indeed
found with many (139, 140, 143, 265, 291, 345, 441a, 442, 732, 814, 871) though
not all (141, 291, 880a) analogues. It is clear therefore that this apparent dissoci-
tion of oxytocic from other activities cannot be interpreted as being due to in-
trinsic differences between, for example, vascular and myometrial receptors.

The decreased maximal response, in Mg-free solution, of the depolarized
myometrium (804) and avian pulmonary artery (853) to vasopressin, and of
canine iliac arteries to oxytocin (854) is in seeming contradiction to an effect of
the cation being mediated by increased affinity of the respective peptides. It is
possible that the intrinsic activity of the postulated Mg-receptor-peptide com-
plex is greater than that of the (binary) receptor-peptide complex (804). Alterna-
tively, the absolute number of receptors may be decreased in Mg-free media, the
latter acting in the manner of an irreversible blocking agent, causing a decline
in the maximal response to peptides having low intrinsic activities (few or no
spare receptors). In any event, the critical observation that remains to be ac-
counted for, in terms of drug-receptor interaction, is the parallel variation of the
affinity and the intrinsic activity of peptides when tested in different biological
systems. A direct experiment determining the effect of Mg on the binding of
isotope-labeled peptides to tissues would be of great interest. The suggested
classification of neurohypophyseal peptide receptors into Mg-dependent and Mg-
independent groups is discussed elsewhere (this section E).

C. Chlorobutanol: the effect of an active preservative in peptide preparaiions

Chlorobutanol (0.5%) is used as a preservative in a number of commercial
preparations of neurohypophyseal peptides and kinins. This simple compound is
not biologically inert: it is a vasodilator and smooth muscle relaxant. It is diffi-
cult, therefore, to evaluate earlier studies in which preparations containing the
preservative have been used without reporting its concentration. Further, it
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should not be assumed that the action of preservatives is identical in different
systems. For example alcohol, in the concentrations used to dilute Dibenamine,
constricts human placental vessels (937).

Chlorobutanol accounts for the entire vasodepressor effect of commercial syn-
thetic oxytocin in cats (492). In man, however, preservative-free oxytocin also
has a hypotensive effect, though not nearly as pronounced as it is in birds (see
below). Isolated canine and avian arterial smooth muscle (I 560, 853) and rabbit
aortic (19) and human umbilical vein strips (854) are relaxed by chlorobutanol
(10~% to 10~¥) as are isolated intestinal and tracheal smooth muscle preparations
(966). All these effects of the preservative are exerted at concentrations delivered
by doses of neurohypophyseal peptides commonly used for experimental pur-
poses. It is probable that the reported vasodilator action of vasopressin on um-
bilical vascular smooth muscle (I 559) and of phenylalanine-2-lysin-8-vasopressin
on coronary arterial smooth muscle (16) was due to the preservative. The propor-
tion of active peptide to preservative varies with different neurohypophyseal
peptide analogues: the effects of the preservative would be most dominant in
dilute preparations of peptides having low activities. All blood vessels may not
be equally sensitive to chlorobutanol and the possibility cannot be ruled out that
the results of Altura’s and Hershey’s (19) careful study on segmental microcircu-
latory responses to a large series of neurohypophyseal peptide analogues were in-
fluenced also by a selective effect of the preservative. Preferential vasodilation in
some other circulatory beds may have been responsible for the reported (361)
reduction of splanchnic blood flow by chlorobutanol. The positive interaction
between chlorobutanol and oxytocin on the coronary circulation (308) indicates
a possible additional complication in interpreting some results obtained with
peptides in the presence of preservative.

Finally, it should be reemphasized that preservative-free neurohypophyseal
peptides have vasodilator effects, of varying degrees (this section E), in several
species. Further evaluation of these effects, and of the literature, will be greatly
facilitated by the use of “pure” peptides or, if not available, by accurate control
experiments with the solvent and preservative only.

D. Evolutionary aspects: species-specificity or structural specificity

The structural evolution of neurohypophyseal peptides from the most primi-
tive vertebrates, Class Agnatha (hagfish, lamprey) to man have been reviewed
recently by Acher (8) and Sawyer (795). The two predominant evolutionary lines
are the isotocin, mesotocin, oxytocin series that contain a neutral amino acid
(leucine or isoleucine) in the 8-position, and the vasotocin, vasopressin series
that contain the basic amino acid arginine (in pigs lysine) in the 8-position (8,
795). Little attention has been directed heretofore to the species-specific differ-
ences in the potency of various neurohypophyseal peptide analogues, particularly
as regards their vasomotor effects. Vasomotor sensitivity to these peptides has
been considered to be a recent phylogenetic development in higher vertebrates
(248, 793, 967). More recent work indicates that species-specificity of peptide-
receptor interaction, rather than the basicity of the 8-position alone, determines
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the vascular potency of a given peptide, and that pronounced vascular sensitivity
to neurohypophyseal peptides appeared at the earliest stage of vertebrate phylo-
genesis.

Basicity of the 8-position, contrary to previous beliefs (for review, see 83) is
not a necessary structural condition for the vasoconstrictor action of neurohypo-
physeal peptides. The commonly inferred generalization, that vasopressin-like
activities are predominantly vasoconstrictor and oxytocin-like activities pre-
dominantly vasodilator may be an oversimplified extension of the species-specific
responses of intact rats and birds to neurohypophyseal peptides. Oxytocin in
vitro is a more potent vasoconstrictor than vasopressin in avian vascular smooth
muscle (853) and in human umbilical vessels (I 559). Oxytocin also produces
vasoconstriction in the isolated hind-limb of the frog, although its potency is less
than that of vasotocin, whereas arginine vasopressin has no effect on this prepara-
tion (915). It seems significant that oxytocin is a more potent vasoconstrictor
than vasopressin in those two classes in which not vasopressin but oxytocin
(Aves) or its closely related analogue mesotocin (Amphibia) is also the native
neurohypophyseal hormone (8). This species-specificity also extends to the vaso-
depressor effects of neurohypophyseal peptides: the avian depressor activity
of oxytocin (450 U/mg) and of mesotocin (498 U/mg), is considerably greater
than that of arginine (60 U/mg) or lysine (40 U/mg) vasopressin (83). In con-
trast, mammals produce both oxytocin and vasopressin and, with the above
noted exception of umbilical vessels, mammalian blood vessels are more sensitive
to the vasoconstrictor effects of the vasopressins (e.g., 19, 20, I 200, I 560, 793).
In classes (Amphibia and Agnatha) in which vasotocin is a native hormone (8, 9,
304, 794, 795) it also appears to be the most potent vasoconstrictor (853, 857,
915).

The ring structure rather than the side chain seems more crucial for amphibian
(915) and avian vascular activity. Oxypressin, an analogue that has the side
chain of oxytocin attached to the vasopressin ring, has very little avian depressor
activity whereas arginine vasotocin (composed of an oxytocin ring and of an arg-
8-vasopressin side chain) (83) is a more potent avian depressor.

The evolutionary mechanism of the species-specific vascular sensitivity to
native neurohypophyseal peptides is a fundamental question to be answered.
One possibility, the control of both the vascular receptor and the structure of
neurohypophyseal peptides by a single genetic locus that produces simultaneous
and parallel evolutionary changes, has little to recommend it beyond its tele-
ological desirability. A more likely possibility is that receptors to neurohypo-
physeal peptides have at least an accessory locus that may be induced by a circu-
lating hormone to which it conveys stereochemical specificity. Although specula-
tive, this hypothesis can be experimentally tested. It would predict the vascular
smooth muscle of the Brattleboro strain of rats congenitally lacking vasopressin
(913) to be relatively less sensitive than normal to vasopressin as compared to
oxytocin. Contrary to this expectation, aortic strips from these animals, like the
strips from normal rats, were considerably more sensitive (ED50 and maximal
response) to arginine vasopressin than to oxytocin (854).



260 SOMLYO AND SOMLYO

Vascular smooth muscle of lower vertebrates can be exquisitely sensitive to
neurohypophyseal peptides, as indicated by the contractile effects of very low
(107t M) concentration of vasotocin on strips of ventral aorta of the hagfish
(857). Vasotocin is a neurohypophyseal peptide native to cyclostomes (304, 794),
descendants of the earliest stage in vertebrate evolution. In a preliminary com-
ment, Sawyer (795) also indicated that vasotocin injected into intact lungfish
elicits a pressor response. In view of the findings with the isolated hagfish vessels,
(857) Sawyer’s observation (795) probably represents a peripheral vasoconstrictor
action of vasotocin, although the possibility of a cardiac action has not been
formally ruled out. In giant Ceylonese frogs only relatively high concentrations
of vasotocin have vasoconstrictor activity (915). Isolated pulmonary arterial
smooth muscle of chickens is highly sensitive to the vasoconstrictor action (ED50
3 X 10~* M) of oxytocin and, in view of the relatively specific sensitivity of this
preparation to neurohypophyseal peptides, it has been recommended as useful
for bioassay (853). It appears reasonable to conclude that species-specific prefer-
ence to the peptides native to mammals is the characteristic acquired during
evolution, but that vascular sensitivity to native (nonmammalian) neurohypo-
physeal peptides was already present at the earliest stage in vertebrate phylo-
genesis. The suggested physiological role of vasotocin in regulating the regional
circulatory responses of the gills (857) or the kidneys (795) remains to be estab-
lished #n vivo. Furthermore, determination of the vascular effects of isotocin,
mesotocin, glumitocin, and the (oxytocin-like) unidentified neurohypophyseal
peptides of elasmobranchs (721) in the species in which they occur naturally,
would help to differentiate the structural characteristics of neurohypophyseal
peptides conveying vascular activity from those that are species specific. The
recent studies of Maetz and Rankin (596a) have already revealed a great sensi-
tivity of the perfused gills of fresh water eels to the vasoconstrictor action of
isotocin (threshold 10— M).

E. Receptors serving relaxation and contraction, and their relationship to epithelial
receptors; the neurohypophyseal peptide antagonists

The common characteristics of neurohypophyseal peptide-receptors mediating
contraction of vascular, uterine, and intestinal smooth muscle, as well as myo-
epithelium, are their magnesium-dependence (this section B) and their suscepti-
bility to blockade by the same type of inhibitors. These neurohypophyseal pep-
tide inhibitors include methylated derivatives of neurohypophyseal peptides
that act as competitive inhibitors of oxytocic, milk-ejecting (111), and rat pressor
(534, 551) activities, and also inhibit the action of neurohypophyseal peptides
on vascular smooth muscle n vitro (Vavra, Krejéf and Kupkova, cited in 778).
Isoglutamine-oxytocin inhibits the rat pressor activity of vasopressin (748). It
should be mentioned however, that although certain tyrosine-containing synthetie
peptides inhibit the pressor effect of vasopressin in dogs and rabbits, as well as
the avian depressor and the rat oxytocic effects of oxytocin #n vitro there is little
or no correlation between the inhibitory activities of the various tyrosine-contain-
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ing peptides in the different assay systems (459). 1-Acetyl-8-lysine-vasopressin
is an inhibitor of the rat pressor and the avian depressor activity of neurohypo-
physeal peptides, although it acts as a weak (less than 0.5 % of the corresponding
activities of vasopressin) agonist in the standard milk ejection and oxytocic
assays n vitro (173, 780). Martin and Schild (603) pointed out that thioglycolate
inhibits the effects of neurohypophyseal peptides on the rat uterus in vitro (in
Mg-free solution) and on mammary strips, but not on the perfused rat hind limb
nor on the rat uterus #n vivo. It seems to us that the occasional failure of some
inhibitors to block the effect of neurohypophyseal peptides on all sensitive con-
tractile tissues may be due to differences of the assay systems rather than to
different vascular, uterine, and myoepithelial receptors. For example, 2-O-
methyloxytocin can act as either a weak partial agonist or as a competitive
antagonist in the rat uterine bioassay, depending upon the Mg and Ca concen-
tration of the medium (536). If both oxytocin and vasopressin can act on the
same type of smooth muscle receptor, then the unresolved major question is the
mechanism of the greater sensitivity of the myometrium to oxytocin and of vascu-
lar smooth muscle to vasopressin within the same species. Oxytocin is a less active
vasopressor (approximately one hundredth) than vasopressin in the rat, and the
latter peptide is also the more active topical vasoconstrictor (19, 20, 565). The
three major possibilities are that: 1) rat myometrial and vascular receptors are
structurally different at some critical site; 2) autoinhibitoin due to a vasodilator
effect of oxytocin interferes with its vasoconstrictor action; and 3) local metabo-
lism of the two peptides is markedly different in the uterus and in blood vessels.
There is not enough evidence to choose among these possible mechanisms, and
we must caution against the assumption that a fundamental difference has been
conclusively documented among the receptors of different smooth muscles of a
single species to neurohypophyseal peptides.

There is some evidence that the inhibitory receptors to neurohypophyseal
peptides in contractile tissues are also closely related to, if not identical with,
the receptors mediating vasoconstriction. Because magnesium specifically po-
tentiates both the intestinal inhibitory and the various contractile effects of
neurohypophyseal peptides (966), we have suggested that inhibitory and ex-
citatory effects are mediated by a common receptor but different secondary
messengers (853). Lloyd and Pickford (569) found that tyrosine-methyl?-oxytocin
blocked both the vasodepressor and vasopressor actions of oxytocin in rats, and
they also suggested that the two effects are mediated by a common receptor. 1-L-
Penicillamine oxytocin inhibits both the avian depressor and the rat oxytocic
activity of oxytocin (813 but ¢f. 815). Calcium is probably the “messenger”
mediating contraction due to drugs in general (section XXII; Part I, sections
VI C and H). Direct studies bearing on the mechanism of the vasodilator action
of neurohypophyseal peptides are hindered by the difficulty in demonstrating the
avian vasodilator activity #n vitro (853). Very high concentrations of oxytocin
(without chlorobutanol) relax mammalian vascular strips (19, I 560), but the
relationship of this observation to the slight mammalian vasodepressor action of
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oxytocin #n vivo is uncertain. High concentrations of 1-L-penicillamine oxytocin
produce hypotension in rats (180), but whether this is due to a peripheral vascu-
lar action is not known.

The epithelial (natriferic, hydro-osmotic) receptors to neurohypophyseal pep-
tides differ in some essential respects from the receptors of contractile tissues.
Classifying neurohypophyseal peptide receptors on the basis of their magnesium
dependence (966), epithelial (in contrast to contractile) receptors are Mg-inde-
pendent: the effects of neurohypophyseal peptides on epithelial water and Na-
transport are not potentiated by magnesium or by manganese (80). Marked dis-
sociation of the rat pressor from the antidiuretic activity of desulfurized vasopres-
sin (305) and of certain structural analogues of neurohypophyseal peptides (727,
873, 924; but ¢f. 731) also suggest a significant difference between the two types
of receptor. The evidence, in our opinion, does not support Bentley’s suggestion
(81) that the natriferic receptors of the toad bladder are identical with smooth
muscle receptors to neurohypophyseal peptides.

F. Major requirements for activity: carba-analogues, linear peptides,
and selentum isologs

The presence of a disulfide bridge within the ring structure of neurohypophys-
eal peptides naturally led to speculations that hormone-receptor interactions
are mediated through reaction of the peptide disulfide with a thiol group of the
membrane (for review, see 778). This hypothesis was invalidated by the demon-
stration that carba-analogues, in which one or both sulfur atoms were replaced
by methylene groups, retain biological activity (476, 779, 785). Decreasing the
size of the ring, with (778) or without (466) removal of the disulfide bridge, leads
to marked decrease in all biological activity. Enlargement of the ring, while re-
taining the disulfide bridge, leads to almost complete loss of activity (467). De-
sulfurized arginine vasopressin loses almost all antidiuretic, but retains some rat
pressor and avian depressor activity (83, 305).

The question of the biological activity of the oxytoceine, the linear peptide
obtained by reduction of the S—S bridge of oxytocin to —SH groups, is not re-
solved. Du Vigneaud and his associates (978) found that oxytoceine had signifi-
cant (70 U/mg) avian vasodepressor activity, but they also indicated that oxy-
toceine may have been reconverted to oxytocin in vivo. Because of the ease with
which oxidation of oxytoceine takes place even in NaCl solution bubbled with N,
(978), assays of oxytoceine in vitro may also be equivocal. The slight activity of
desulfurized acyclic peptides (83, 305) suggests that the ring structure may not be
absolutely essential for vascular activity.

The reactivity of selenium is very similar to that of sulfur and it may be antici-
pated that selenium isologs (Se substituted for S in the molecule) would have
biological activities similar to the S—S neurohypophyseal peptides (476). This
expectation has been confirmed by synthesis of biologically active (including
avian depressor) selenium isologs of oxytocin (83). Several deuterated derivatives
of deamino-oxytocin also have activities identical with that of the parent peptide
(116).
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The most essential structural group of neurohypophyseal peptides is the car-
boxamide of the asparagine residue in the 5-position (379), removal of which leads
to almost complete loss of both contractile and antidiuretic activity (85, 264,
379, 936).

It is possible to modify the relative activity of peptides on the epithelial and
contractile tissues of the same species, and clinically useful analogues having
high ratio of pressor activity to antidiuretic activity have been developed (83, 84,
86).

G. Interactions with steroids, catecholamines, and cyclic 3' ,6'-AMP;
vasopressin tachyphylaxis

Considerable evidence has been presented by Pickford and her associates, that
estrogen and some other steroids influence the vascular activity of neurohypo-
physeal peptides in certain species. Rats are particularly susceptible to this ac-
tion of steroids: estrogen (324, 568, cf. 660) or testosterone (429) convert the ef-
fect of normally vasodilator concentrations of oxytocin to a vasopressor one.
Estrogen also converts to vasoconstriction the vasodilator action of oxytocin on
the dog hind limb (568, but c¢f. 665) and on the human forearm (389). It is diffi-
cult to assess the influence, if any, of chlorobutanol on these experiments. How-
ever, ‘“oxytocin-reversal” is associated also with increased sensitivity to the
pressor action of vasopressin containing little or no chlorobutanol (432, 565). In
contrast to the responses of some mammals, the avian depressor action of oxyto-
cin is not reversed by sex steroids (185, 567).

The mammalian vasodilator activity is influenced also by the sympathetic
nervous system. Lumbar sympathectomy eliminates the vasodilator action of
oxytocin and converts it to vasoconstrictor on the dog and monkey limb prep-
arations (390, 568, 570). Stimulation of the sympathetic trunk (390), or the
infusion of epinephrine after sympathectomy (570) reestablishes the vasodilator
activity of oxytocin. Treatment with reserpine or dihydroergotamine also
produces oxytocin-reversal in dogs (390). The avian depressor activity of oxyto-
cin is not modified by sympathectomy or reserpinization (567, 968), nor is the
inconsistent avian vasodilator action of oxytocin n vitro enhanced by the addi-
tion of epinephrine to the bath (853).

The tachyphylaxis to the pressor action of vasopressin n vivo is diminished by
pretreatment with reserpine (663, 672, 715). It has been suggested that this is a
“pseudo-tachyphylaxis” due to secondary hemodynamic changes elicited by
adrenergic discharge that is eliminated by reserpine (672, 715, 899). True tachy-
phylaxis to neurohypophyseal peptides occurs in several isolated smooth muscle
preparations (I 559, 966).

Vasopressin potentiates the effect of catecholamines released during nerve
stimulation (94) without apparently affecting the amine storage mechanisms
(412). Vasopressin (673) and chlorobutanol-free oxytocin (492) also produce
ethylnorepinephrine-reversal. The suggestion of Nash et al. (673), that these
peptides have beta-blocking effects, merits further consideration although other
mechanisms of ethylnorepinephrine-reversal (492) cannot be ruled out. Vaso-
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pressin also potentiates the contractile action of norepinephrine on rat aortic
strips (60) and microcirculation (19). The role of befa-adrenergic blockade in this
phenomenon cannot be entirely excluded, since norepinephrine does have some
vascular beta-adrenergic activity (section IX J). Externally added cyclic 3’,5'-
adenosine monophosphate (cyclic 3’,5-AMP, sections IX I and X) also poten-
tiates the vasoconstrictor effect of norepinephrine on rat aortic strips, and this
rather circumstantial evidence has been used to suggest that cyclic 3’,5’-AMP
is the secondary messenger of vasopressin acting on vascular smooth muscle
(61). However, when documented, a rise in intracellular cyclic 3’,5’-AMP has
generally been associated with smooth muscle relaxation (758) and it is possible
that cyclic 3',5 -AMP mediates vasodilator action of neurohypophyseal peptides.
The avian vasodepressor action of a synthetic oxytocin preparation was blocked
by dichloroisoproterenol (931). The vasodilator action of synthetic oxytocin with
preservative (chlorobutanol) on canine arterial strips is also blocked by beta-
adrenergic blocking agents, although in this preparation the preservative-free
peptide has only vasoconstrictor effects (I 560). The interesting observation of
the oxytocin-blocking effects of dichloroisoproterenol (931) deserves further
exploration with a preservative-free oxytocin preparation.

H. Regional circulatory effects: ulerine, umbilical, gastrointestinal, coronary,
pulmonary, adenohypophyseal, and renal vascular responses to
neurohypophyseal peptides

Comprehensive reviews on the circulatory effects of neurohypophyseal pep-
tides have been published by Pickford (728) and by Saameli (784). We shall
briefly survey here only the recent work on specialized vascular beds that are
relevant to the clinical pharmacology of neurohypophyseal peptides. The ma-
jority of these studies deal with the effects of neurohypophyseal peptides on
arterioles, but venular smooth muscle is also contracted by neurohypophyseal
peptides (19, 20, 178, 243).

The uterine blood flow of rabbits is decreased only by very large doses of
vasopressin (172). Isolated human uterine arteries are not contracted by oxy-
tocin, although they contract in response to the (not neurohypophyseal peptide)
oxytocics ergonovine and sparteine (205). Isolated human umbilical vessels are
very sensitive to the contractile effects of oxytocin (I 560), although they de-
velop tachyphylaxis (I 559). Perfused placental beds are also constricted by
oxytocin (514, 599). Corbit (200) demonstrated a decrease in umbilical venous
oxygen saturation after the (maternal) injection of oxytocin into patients under-
going caesarian section. Whether the latter effect is caused by an umbilical vaso-
constrictor action of oxytocin #n vivo remains to be determined.

Vasopressins constrict the gastrointestinal blood vessels of several species,
including man (e.g., 826, 890). This splanchnic vasoconstrictor effect of vaso-
pressin has been used for the treatment of bleeding esophageal varices (83, 232,
295, 686, 784, 903). The vasoconstrictor effects of neurohypophyseal peptides
on the splanchnic microcirculation have been suggested to improve the survival
rates of experimentally shocked rats (19, 20).
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Vasopressin constricts coronary blood vessels of several species (e.g., 409, 609,
663, 784). The possibility that impairment of ventricular dynamics by the coro-
nary vasoconstrictor action may account for pseudotachyphylaxis to vasopressin
(672) has been mentioned. Preservative-free oxytocin constricts the perfused
canine coronary vascular bed, while the combination of peptide and preservative
dilates it (308). The earlier reported relaxant effect of 2-phenylalanine-8-lysine
vasopressin on isolated bovine coronary vessels (16), was subsequently shown
to be due to the preservative-diluent employed (19). The umbilical vasodilator
activity of the diluent-preservative of oxytocin has been mentioned (this section
C). The thoracic aorta of dogs is insensitive to vasopressin and the aortic response
to vasopressin increases caudally (I 554).

The pulmonary vascular effects of neurohypophyseal peptides, in normal man,
are variable (751). Vasopressin is a pulmonary vasoconstrictor in patients with
diffuse tuberculosis (752). There is an interesting preliminary report of experi-
mental pulmonary thromboarteriopathy produced in rabbits by vasopressin
(Yano, cited in 975). The authors seemed to attribute this to the general pressor
action of the peptides rather than to a specific pulmonary vascular activity.
Main pulmonary artery strips of dogs are not contracted by vasopressin or oxyto-
cin (I 555), whereas those of chickens are extremely sensitive to neurohypophy-
seal peptides (this section D). The possibility of neurohypophyseal peptide-
controlled circulatory changes in the gills (857) still remains to be established
in vivo, but is supported by observations on perfused gills (596a).

Lysine vasopressin, which is not the native peptide of this species, has been
shown by Yates et al. (980) to produce only a minor decrease in the pituitary
blood flow of rats.

Renal vasodilation can be elicited by very low doses of vasopressin in cats
(57; but ¢f. p. 555 in 784). Phenylalanine-2-lysine-8-vasopressin, in very low
concentrations, has a similar vasodilator action in man (195). Higher concentra-
tions of vasopressin have a renal vasoconstrictor effect (784) and may possibly
reduce blood flow through the renal vasa recta (309, but cf. 48).

It seems appropriate to conclude this section by noting that the role of neuro-
hypophyseal peptides in vivo (19, I 560, 728, 762a, 950) in regulating physio-
logical and pathological hemodynamics deserves further impartial evaluation.
The specific antagonism of the rat pressor and avian depressor actions of the vaso-
pressins by their 1-acetyl-derivatives (173, 870) would render the analogues
useful tools, as blocking agents, for determining masked hemodynamic effects
of neurohypophyseal peptides. One may expect to reverse with 1l-acetyl-8-
arginine vasopressin those hemodynamic consequences of hemorrhagic shock
that are considered to be (950) due to elevated levels of circulating vasopressin.

III. PLASMA KININS AND RELATED HYPOTENSIVE POLYPEPTIDES

The plasma kinins, linear polypeptides liberated from plasma pseudoglobulins
(kininogens) by a variety of agents including kallikrein, Hageman factor, low
pH, plasmin, and trypsin, have been reviewed in detail by Erdés (274). Brady-
kinin formed by the action of trypsin on pseudoglobulin is a nonapeptide; kallidin
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formed by the action of the enzyme kallikrein is a decapeptide, lysyl-bradykinin;
and a third plasma kinin is the undecapeptide, methionyl-lysyl-bradykinin, re-
leased from pseudoglobulin by acidification (274, 729).

The undecapeptides eledoisin, physalaemin, and phyllokinin, the first two
from molluscan venom, the third from the skin of South American tree frogs,
were isolated and characterized by Erspamer et al. (26) and reviewed, together
with wasp kinins, by Pisano (730). In addition to being linear polypeptides, the
substances isolated from venoms have actions like those of kinins, and in particu-
lar are highly potent hypotensive agents. Caerulein, an amphibian decapeptide,
has a hypotensive action that varies considerably among different species (97).

A. Effects on vsolated blood vessels, perfused organs, and blood pressure

Several types of larger arteries and veins are constricted by kinins and ele-
doisin. These include sheep coronary arteries (530) and ductus arteriosus (531),
bovine pulmonary arteries (515), human umbilical arteries (I 136, 270), canine
femoral and mesenteric veins (237), cat inferior vena cava, and normal and
reserpinized rabbit aorta (906). Bradykinin also constricts normal and de-
nervated rabbit ear veins (117, 378, 434). High concentrations (10~° w/v) of
bradykinin contract rabbit mesenteric vein strips (878) but low concentrations
(5 X 1078 to 107 w/v) transiently inhibit the spontaneous activity of this prep-
aration (854). Canine large coronary arteries are not contracted by bradykinin
(33, 530), but the peptide has considerable vasodilator activity on the total
perfused coronary bed (35, 611, 662). Dimethothiazine antagonizes some of these
vascular and myotropic effects of bradykinin, but also those of histamine and
serotonin (436). Bradykinin (5 X 108 to 10—¢ w/v) relaxes strips of small (0.5
mm diameter) rabbit mesenteric arteries contracted by norepinephrine (854).

Pulmonary vasoconstrictor effects of kinins have been reported in rabbits
(406, 552), guinea pigs (515, 645), and, perhaps on the venous side, dogs (451).
The pulmonary hemodynamic effects of bradykinin in man are thought to be
secondary to the action of bradykinin on the systemic circulation (224). The
inhibition of the vasoconstrictor effects of bradykinin by various anti-inflamma-
tory agents is nonspecific (863). Pulmonary artery strips of chickens are not
contracted by bradykinin or eledoisin (853), and incidentally, while bird plasma
contains kininogens, it is lacking in Hageman factor, which in mammals would
initiate kinin formation (276). The effect of the higher molecular weight (6000
to 6500) kinins of birds, ornitho-kinins (953, 954), on isolated avian vessels re-
mains to be investigated. In general, as in the case of other drugs, vascular
sensitivity to kinins and related peptides varies among different species and
vascular beds.

Profound peripheral vasodilation is perhaps the most characteristic generalized
response of mammalian cutaneous, muscular, and splanchnic beds, to bradykinin,
kallidin, eledoisin, and physalaemin (38, 88, 89, 112, 189, 271, 277, 294, 315, 453,
511, 523, 559, 661, 662, 692, 701). The vasodilator action of these peptides is
primarily direct and also occurs in denervated vascular beds (315), after sympa-
thetic blockade or atropine (566, 605, 769), beta-adrenergic blocking agents (189,
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843, 844), and reserpinization (638). The hypotensive action of caerulein is
reduced by atropine (97). The cellular mechanism of the direct vasodilator action
is not known. Whether these peptides act solely by inhibiting spike-electrogenesis
or also by pharmacomechanical inhibition (a relaxant effect not due to hyper-
polarization or a decrease in the frequency of action potentials, [section XXII;
Part I, section VI H]) could be readily determined in vascular beds perfused with
depolarizing concentrations of potassium. It should be noted that several of the
available kinin preparations contain chlorobutanol as the preservative (274, 853,
see also section IT C) and the diluent itself may cause vasodilation at high in-
fusion rates (511).

The physiologic role of plasma kinins in mediating functional vasodilation has
not been fully clarified. Evidence has been marshalled both for (418, 419) and
against (70, 797, 843, 844) the idea that kinins mediate functional vasodilation
in some exocrine glands. Vasodilation has been observed in glands depleted of
kallikrein (70). Carboxypeptidase B, which abolishes the vasodilation produced
by exogenous bradykinin, does not abolish the vasodilation elicited by chorda
tympani stimulation (843). It is generally agreed that kinins do not play a signifi-
cant role in functional vasodilation of skeletal muscle (418, 942).

In addition to the vasoconstrictor effects of bradykinin in vitro discussed earlier,
both venodilator and venoconstrictor effects may be observed in vivo in different
regions of the venous circulation (378, 523, 667, 774, 945). The suggestion that
kinins produce selective constriction of arteriovenous shunts in man (236) has
been questioned (701). The very interesting observations of Majno et al. (597,
597a), are indicative of active contraction of venular endothelium by brady-
kinin (see also section VIII). Some of the cutaneous venoconstrictor responses to
kinins in men are blocked by guanethidine and are, like those of angiotensin
(section I D), neurally mediated (605).

B. Interaction with the adrenergic system and serotomin

Bradykinin, like angiotensin, releases adrenal catecholamines in cats (290).
The avian hypertensive response to kinins and to physalaemin is indirectly medi-
ated through the release of catecholamines (277, 278, 872). The same mechanism
appears to produce the pressor component of the diphasic response to brady-
kinin in rats (638), and it has been suggested that in cats a centrally mediated
sympathetic mechanism is also participating (544). Neurogenic venoconstric-
tion by bradykinin was discussed in the preceding section.

Zweifach (995) found that bradykinin potentiated the venoconstriction of the
rat mesenteric microcirculation by serotonin: after preconstriction of the micro-
circulatory bed with serotonin, the application of a normally vasodilator dose of
bradykinin evoked intensive venular constriction (945, 995). The reason why
eledoisin does not interact with serotonin (945) remains to be determined. The
potentiation of the hypotensive effects of bradykinin by a component of Bothrops
Jjararaca venom is thought to be caused by inhibition of kinin catabolism (25).
Sulfhydryl compounds potentiate, via an unknown mechanism, some effects of
kinins on smooth muscle (46, 274, 275).
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C. Structure-activity relationship

Many kinin analogues have been synthetized and the attempts at establishing
structure-activity relationships have been reviewed recently (274, 812, 866).
As in the case of neurohypophyseal peptides, kinin activity may also be influenced
by susceptibility to degrading enzymes (866), and the observable effect of molecu-
lar changes is not necessarily due to changes in complementarity between pep-
tides and receptor. For example, bradykinin is inactivated much faster by guinea
pig serum than is eledoisin (872).

It has been pointed out by Stewart and Woolley (867) that alterations of the
carboxyl end of biologically active peptides result in far greater loss of activity
than alterations of the amino end. This interesting observation may require some
modification (866) with the discovery of phyllokinin (26), a highly active un-
decapeptide that in effect is bradykinin elongated at the carboxyl end.

Substitution of lysine for arginine in the 9-position of bradykinin leads to
decrease in activity (275) reminiscent of the effect of this substitution in vaso-
pressin. Substitution of p-arginine in either the 1 or the 9 position produced what
may be total loss of activity (683). Detailed information about the effects of
substitution of different amino acids may be found in several publications (274,
776, 812, 866, 867). The biological effect of a given structural change depends on
the substituent as well as the substituted amino acid (583, 812) and is rarely
predictable (316).

Extension of the amino end of bradykinin yields some highly active peptides
(811), but these peptides, and possibly also phyllokinin (866), may function as
kininogens. Shortening of the amino end of eledoisin yields active hexapeptides
(316).

IV. PROSTAGLANDINS

Prostaglandins were discovered in seminal fluid by Goldblatt and von Euler
and characterized largerly through the efforts of Bergstrom and his associates
at the Karolinska Institute. Major reviews of the subject have been published
recently by Bergstrom et al. (92) and by Horton (438).

Prostaglandins are 20-carbon, unsaturated fatty (prostenoic) acids, the PGF
series differing from the PGE series only in having a hydroxyl, rather than a
ketone, group in position 9 (92, 790). The primary prostaglandins are differen-
tiated by subscripts indicating the number of double bonds within the fatty acid
chain (92, 790).

Arachidonic acid is a biological precursor of prostaglandins (92, 790) and is
also reported to have hypotensive and visceral smooth muscle stimulating ac-
tivity (454, 455). It has been suggested (415, 929), however, that peroxide forma-
tion, the biosynthetic pathway of prostaglandins, may account for the apparent
activity of arachidonic acid.

PGE, is a potent vasodilator of the systemic and pulmonary circulation in
practically every species examined, and this effect is not abolished by beta-
adrenergic blocking agents (92, 93, 218a, 407, 425, 664, 668, 946). The PGA
prostaglandins are also potent hypotensive agents (943). The hypotensive effects
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and the stimulation of visceral smooth muscle vary to some extent, according to
the particular prostaglandin and the animal species employed (92).

The circulatory responses to PGF,, and PGF,, are complicated by species-
specific variations, reviewed in detail by Bergstrom et al. (92). Some of these
differences may be related to indirect, neurally mediated pressor effects of pros-
taglandins. The venoconstrictor component of the response to PGF2, in rats is
abolished by acute lumbar sympathectomy and reestablished by stimulation
of the cut sympathetic, although the pressor effect of PGF g, in rats is not blocked
by pentolinium or reserpinization (258). PGF3, also produces pulmonary vaso-
constriction in cats (32) and in dogs (258, 452) and the latter effect is partially
inhibited by phenoxybenzamine (258). It should be noted that although PGE,
does not measurably release catecholamines in cats (437) it does release adrenal
medullary catecholamines in dogs, which cause an indirect, pressor response
(493).

Rabbit aortic strips are contracted by PGE, and by PGF,, (503, 868), and in
this preparation the contractile threshold is lower (107 vs. 10~* w/v) for PGE,
than for PGF,, (868). Subthreshold concentrations of PGE; increase the (sub-
maximal) contractile effects of angiotensin and serotonin on rabbit aortic strips
(503).

Strips of small (200 to 1000 u) canine mesenteric, renal, and muscular arteries
exhibit a biphasic dose-response curve to prostaglandins (868). Low concentra-
tions of PGE; or PGF}, relax and higher concentrations contract these strips,
with reversal of action at a prostaglandin concentration of about 10, The
relaxant effects are not abolished by a beta-adrenergic blocking agent (MJ 1999),
nor the contractile effect by phentolamine. Skeletal muscle arteries and veins
are contracted by PGFs, in a concentration (10-¢ w/v) that produces relaxation
with PGE; (372), but the effect of lower concentrations of PGF,, has not been
tested. Intra-arterial injection of PGF,, causes vasodilation in cats (32) and
vasoconstriction (664) or a diphasic effect (372) in dogs. The observations of
Strong and Bohr (868) clearly indicate that without comparisons over the entire
dose-response range in several species it is difficult to categorize qualitative
differences between the vascular effects of the PGE and the PGF series.

It has been suggested that hydroxy-fatty acids may function as Ca*+-carriers
(868, 929), but an attempt to demonstrate facilitation of Ca*+-transport from
aqueous into lipid phase by PGE, was unsuccessful (726).

Interest in prostaglandins has been fostered by their occurrence in a number of
tissues, particularly lung and renal medulla (92, 478, 553). Human umbilical
vessels contain at least four prostaglandins, three (PGE;, PGF,,, and PGFy,) of
which contract and one (PGE,) that relaxes the umbilical artery (487). Because
the prostaglandins in this study were not tested over an entire dose-response
curve, the possibility of a dual, concentration-dependent effect similar to that
observed with somatic vessels (868) cannot be excluded. Since prostaglandins
can be released from various tissues by electrical stimuli (for review see 92), one
may also speculate whether the delayed contractile component of electrically
stimulated umbilical vessels (I 551) is mediated by prostaglandins.
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V. VASOACTIVE SUBSTANCES IN TISSUES AND BODY FLUIDS

The chemically identified vasoactive substances of the vessel wall, such as
catecholamines (section IX) and prostaglandins (section IV), have been dis-
cussed elsewhere. In this section we shall be concerned primarily with vaso-
active substances of uncertain chemical identity obtained from biological ma-
terials. Some caution must be exercised in interpreting these studies and the
physiological significance of the substances described. Vasoactivity of tissue or
plasma extracts can be enhanced by preparatory processes and also may be due
to a combination of several known substances, rather than to a single, previously
unknown compound. A large proportion of the vasoconstrictor material found
in rabbit plasma is histamine and serotonin (972; but ¢f. 40, 41), the former
potentiating the latter’s action on rabbit aortic strips (974). Angiotensin has
been identified with reasonable certainty in stable human plasma solutions (914).

In spite of the most stringent precautions, vasoactive substances may be
produced as the result of the extraction process. For example, Schachter (796)
has shown that simple dilution of serum will lead to the production of kinins.
Prolonged incubation of plasma at normal pH at 37°C may also lead to forma-
tion of vasoactive substances (759). Khairallah and Page (500) observed forma-
tion of a probably lipid vasopressor substance during extraction of human blood.
Vascular activity may also be due to contaminants, such as norepinephrine in
partially purified gangliosides (757), or the still unidentified, histamine-like
hypotensive contaminant of thyrocalcitonin (860). The artifactual production
of an isoproterenol-like substance (section IX J) during acid extraction of epi-
nephrine for chromatography has been observed (756).

Release of vasoactive materials within the blood vessel wall, or interaction with
these substances, may be responsible for some local indirect actions (I 200) of
drugs. In addition to the renin-like material (234, and section I A), a hypotensive
peptide that contracts visceral smooth muscle has also been isolated (547) from
blood vessels. Placental extracts also contain renin-like (423, 985) and kinin-like
(837, 838) substances.

In carefully controlled cross-perfusion experiments in which denervated rabbit
ear artery was the biological indicator (40, 41) struggling and hemorrhage were
associated with the appearance of circulating vasoconstrictor substances, proba-
bly epinephrine. Stringent precautions were necessary to prevent the formation
of serotonin. The dilated state of the denervated ear circulation in animals at
rest (40) seems to preclude the presence of high concentrations of circulating
unbound vasoconstrictors in normal blood.

Clotting of blood may release, in addition to serotonin (41), vasoactive pep-
tides. The production of kinins by Hageman factor has been mentioned (section
III). Enzymatic hydrolysis of fibrinogen by thrombin yields fibrinopeptides,
some of which are vasoactive. Bovine fibrinopeptide B and human fibrinopeptide
A are pulmonary vasoconstrictors in rabbits, dogs, and lambs (68). Bovine
fibrinopeptide B also constricts rabbit carotid artery strips (351) and produces a
prolonged, oscillatory pressor response in rats (197). The rapid rate of release of
human fibrinopeptide A (888) is at least compatible with the idea (68) that this
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substance may mediate some of the hemodynamic effects of pulmonary em-
bolism. Thrombin itself, interacting in a yet undefined manner with the cellular
elements in blood, has a vasodilator effect (693).

The vasoconstrictor activity of kinekard, an inotropic human plasma factor
studied by Nayler et al. (249, 678, 679), is blocked by phenoxybenzamine. This
compound, as well as another vasoactive factor (or factors) in dog plasma
(123, 124, 907) and in human plasma (433) have not been characterized chemic-
ally. L-Arginine increases the contractile frequency of bat veins, but is ineffective
on rat portal veins (129).

The vasoconstrictor extracted from colostrum was identified as a mixture of
glucose and galactose esters of uridine diphosphate (955). Kininogen is also pres-
ent in bovine colostrum (652). It has been reported recently that a feline salivary
protein or glycoprotein selectively constricts intestinal blood vessels (651).
Further vasoactive substances of uncertain character have been reported to
occur in eel serum (465), cerebrospinal fluid (740), and coronary sinus blood of
severely stressed hearts (879). It should also be mentioned that albumin, although
not vasoactive, in relatively low concentrations potentiates the effect of norepi-
nephrine (see also section IX H) on rabbit aortic strips (970).

VI. CHOLINERGIC AGENTS AND BLOCKERS AND CHOLINESTERASE INHIBITORS
A. Direct and indirect cholinergic vasoconstriction, cholinesterase inhibitors

Vasoconstriction of certain types of isolated vascular preparation, for example
rabbit aortic strips, by cholinergic agents is due to a direct effect of the drug on
vascular smooth muscle (I 200). It has been suggested that in other instances, the
vasoconstrictor action of acetylcholine may be mediated through the release of
catecholamines. In the material reviewed by us (e.g., 105, 252, 313) we found no
evidence for an obligatory cholinergic step in vascular adrenergic transmission
(for reviews see 293, 528). The inhibition of acetylcholine release by catechol-
amines (928) in guinea pig ileum indicates the possibility of a presynaptic in-
hibitory adrenergic-cholinergic interaction. The latter type of mechanism may
contribute to the inhibition of cholinergic vasodilation by vasoconstrictor nerve
activity (127).

The contribution of an adrenergic component to cholinergic vasoconstriction
varies among different species. In dogs, the renal vasoconstrictor effect of acetyl-
choline can be eliminated with reserpine and adrenergic blocking agents (198,
441, 727) and the general pressor response to systemic acetylcholine has been
ascribed to stimulation of the adrenal medulla and sympathetic ganglia (213).
The venoconstrictor (accessory cephalic vein) action of acetylcholine is probably
due to both a direct and an indirect action (753). Caution must be exercised in
interpreting data obtained with blocking agents (e.g., Dibenamine) that may
affect muscarinic as well as alpha-adrenergic receptors (328) and seem to have a
depressant effect on Catt-permeability that varies among different types of
blood vessel (section XIV). Atropine cannot only block, but also reverse the
vasoconstrictor effect of acetylcholine in pig coronary artery strips (881).

Acetylcholine also decreases blood flow through the ductus arteriosus, but the



272 SOMLYO AND SOMLYO

mechanism responsible for this observation in vo is uncertain (846). The elec-
trical excitatory effects of acetylcholine have been discussed in Part I (section
VI F) of this review (see also this section B).

The cholinesterase inhibitors diisopropyl fluorophosphate and physostigmine
contract rabbit aortic strips. This effect is elicited only by very high concentra-
tions of the drugs and is probably unrelated to cholinesterase inhibition (266).
The major portion of the rabbit aortic enzyme is a pseudocholinesterase (266,
¢f. 770). Variations in the distribution of vascular cholinesterase have been dis-
cussed previously (Part I, section II C). The ultrastructural distribution of
cholinesterase is discussed in the following section.

Certain lipid-soluble quaternary ammonium compounds (noracetylcholine
12, norcholine 12) inhibit the contractile effects of several agonists in the follow-
ing order: acetylcholine > serotonin, histamine > KCI, norepinephrine (266).

B. Vasodilator (and diphasic) effects of cholinergic agents

The predominant peripheral effect of cholinergic stimuli is vasodilation (I 15,
I 410, 608, 634, 909). Circulatory control mechanisms mediated by cholinergic
vasodilator fibers, operating primarily on the terminal vasculature of skeletal
muscle, have been reviewed in detail by others (I 410, 909). Atropine-sensitive,
cholinergic fibers have been demonstrated in several species, but Uvnis (909)
has recently questioned their existence in primates. Duling and Berne (261a)
observed a propagated vasodilator response of the hamster microcirculation to
acetylcholine and suggested that this effect was neurally mediated.

The sensitivity of the guinea pig uterine artery to its cholinergic vasodilator
innervation increases during pregnancy, and is accompanied by a spread of
cholinesterase activity over the smooth muscle plasma membrane facing cho-
linergic endings (75). In the arteries of nonpregnant animals cholinesterase-
staining appears limited to the pinocytotic vesicles (75).

Several large blood vessels are constricted by acetylcholine #n vitro (I 200, 402)
but, in some instaces at least, the absence of a demonstrable vasodilator action
may be due to an absence of resting tone. Preconstricted rabbit aortic chains
(468) and strips (854) are relaxed by lower concentrations of acetylcholine (10~°
to 107 w/v) than those producing vasoconstriction, but in canine saphenous
veins only the vasoconstrictor effect is demonstrable (194). The concentration of
acetylcholine and the perfusion pressure employed, as well as seasonal varia-
tions (in Japanese toads) are some of the other variables that determine whether
vasoconstriction, dilation, or a diphasic response is elicited by a cholinergic
agent (401). The umbilical vasoconstrictor and vasodilator effects of acetyl-
choline are blocked by atropine (360). Of some interest to anesthesiologists is
the reported vasodilator effect of succinyl choline (930).

The cellular mechanisms of acetylcholine action have not been established in
vascular smooth muscle. We have adopted a general model (section XXII)
according to which excitatory drugs act by a common mechanism of gradedly
increasing the permeability of the membrane to Ca*t+ and other ions. There is
massive evidence showing the effect of acetylcholine on end-plate permeability
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(I 156, 491), and in intestinal smooth muscle the association of cholinergic excita-
tion with an increase in monovalent-ion permeability has also been clearly
demonstrated (130, 154, 262, I 295). Burgen and Spero (154) found that Diben-
amine shifts the carbachol dose-contractile-response curve of intestinal smooth
muscle before depressing the maximal response, whereas it produces an immedi-
ate, absolute depression of the cholinergically increased permeability to rubi-
dium. It is interesting to compare these results to those of Furchgott and Burs-
ztyn (328) who, also by using Dibenamine as the cholinergic blocking agent,
found that a 100% contractile response is elicited by activation of only 6.2%
of the available receptors. Both sets of observations (154, 328) suggest that
measurement of monovalent-ion permeabilities gives a more direct indication of
drug-receptor combination than the contractile response. The existence of
‘“‘spare receptors’’ as determined by the contractile response may merely indicate
that the actomyosin-troponin system saturates with only a 6 to 10% increase
in Catt permeability. It would be obviously desirable to relate Ca*+ flux, rather
than only monovalent-ion fluxes, to contraction.

The mechanism of vasodilator action of acetylcholine is not known. In intes-
tinal smooth muscle (130, 154, 262, I 295) cholinergic agents increase K+-permea-
bility, and in some invertebrate tissues (457, 497) the Cl-permeability. Under
appropriate conditions of Ex and Eg, either of these effects could lead to the
hyperpolarization elicited by acetylcholine in certain types of vascular smooth
muscle (I 197, I 199). It was tempting to suggest that vasodilation by acetyl-
choline may be mediated through hyperpolarization (852). Recent experiments
(854), however, showed a relaxant effect of acetylcholine (10~® to 10~7 w/v) on
depolarized rabbit aortic strips. Polarized guinea pig uterine arteries are also
relaxed by acetylcholine in the absence of detectable hyperpolarization (76).
Acetylcholine, like beta-adrenergic amines (sections IX I and XXII) can ap-
parently relax vascular smooth muscle by both electromechanical and pharma-
comechanical mechanisms.

VII. SEROTONIN

Serotonin (5-hydroxytryptamine, 5-HT) was reviewed by Page (696), who
more recently published a monograph on this subject (697). Serotonin antagonists
were reviewed by Gyermek (380), and an extensive survey of the effects of
serotonin on the regional vascular beds of several species has been compiled by
Garattini and Valzelli (332).

The dual, excitatory and inhibitory action of serotonin, and the existence of
specific excitatory serotonin receptors were recognized in the earliest studies
(I 200). More recent work reemphasized the vasoconstrictor effects of serotonin
on the larger canine systemic arteries (1, 382, I 560, 625) and veins (194, 856,
859) and on pulmonary vessels of several mammals (50, 151, 312, 711, I 555, I
557) and birds (853). The microcirculatory constrictor effect of serotonin, in rats,
is predominantly on the venules (I 15, 945, 948). Monkey cerebral arteries (488)
and rabbit aortic strips (I 200, 969) are also constricted by serotonin. Maengwyn-
Davies et al. (595) observed the progressive development of tachyphylaxis to
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serotonin by guinea pig aortic strips. The human umbilical vessels, relatively
insensitive to norepinephrine, are highly sensitive to the excitatory effects of
serotonin (45, I 136, I 559).

The excitatory effects of serotonin on the membrane potential of vascular
smooth muscle are similar to those of other agonists: depolarization and, in
spike-generating vascular smooth muscle, an increased spike-frequency (Part I,
section VI, I 557, 859). The quantitative differences between the depolarization
(and contraction) produced by serotonin and by other agents will be discussed
with the general mechanisms of drug action (section XXII).

Serotonin antagonists, structurally related to lysergic acid, inhibit the vaso-
constrictor action of serotonin (I 15, 45, 151, 312, I 200, 380, 488, 933, 945) and
even reverse serotonin-induced cerebral vasoconstriction (488). High concentra-
tions of antiserotonin compounds may produce vasoconstriction (45, 194, 969).
p-Tosylarginine methylester inhibits the contractions of rabbit aortic strips
elicited by serotonin, and also those due to catecholamines and histamine (947).

Some alpha-adrenergic blocking agents, including phentolamine (194), also
antagonize the vasoconstrictor effect of serotonin (45, I 200, 312, 380, 945, 969).
The fact that several types of vascular smooth muscle (e.g., umbilical vessels
and small pulmonary arteries) that are insensitive to norepinephrine, are highly
sensitive to serotonin, however, indicates the existence of distinet alpha-adre-
nergic and serotonin receptors.

The claim that specific serotonin receptors appeared only recently in verte-
brate phylogenesis (747), in our opinion, requires more support than has been
presented. The inability of a fixed dose of methysergide, present over an un-
specified exposure time, to block the branchial vasoconstrictor action of serotonin
in the hagfish need not imply the absence of a specific serotonin receptor. The
degree of blockade with lysergic acid derivatives varies with duration of exposure
and even among mammalian species (380). Furthermore, since LSD-sensitive
serotonin receptors are already present in molluscs (380) it would seem unneces-
sary to assume their more recent origin among vertebrates.

The primary vasoconstrictor effect of serotonin is due to a direct action on
vascular smooth muscle, as indicated by its persistence after reserpinization
(151, 312, 696) or denervation (951). It is also observed in the inherently nerve-
free umbilical preparations. Laverty (549), however, found a decreased response
to serotonin in rat hind-limb preparations after reserpine treatment; this raises
the possibility of some indirect action of serotonin due to catecholamine release.

Cocaine sensitizes to the pressor action of serotonin (696) and also potentiates
its effect on the canine saphenous vein (194) and on the rat fundus strip prepara-
tion (689, 956). Discussion of mechanisms of serotonin release by tyramine,
reserpine, and other agents, and the possibility of its action as a “false trans-
mitter” is beyond the scope of this review (155, 696).

A vasodilator action of serotonin is observed in certain vascular beds, particu-
larly in small arteries of dogs. Vasodilator effects have been demonstrated in
canine limb (382, 625, 951), mesenteric (625), and coronary circulation (398).
In the human forearm cutaneous vasoconstriction and muscular vasodilation are
elicited by serotonin (933).
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The mechanism of the vasodilator action of serotonin remains to be fully
clarified. In the dog, sympathetic stimulation or the infusion of epinephrine
enhance the vasodilator action of serotonin and the latter effect can be diminished
by dichlorisoproterenol (625). High concentrations (3 to 5 X 10~¢ w/v) of pro-
pranolol inhibit the vasodilator effects of serotonin on branchial vessels of hag-
fish (747). On the other hand in the human forearm the vasodilator effect of
serotonin is not blocked by propranolol and can be elicited in sympathectomized
subjects (933). In the canine hind-limb preparation antihistamines, hypoxia
(951), and sympathectomy (625, 951) each inhibit the vasodilator response to
serotonin, whereas atropine is ineffective (625). In contrast to the above observa-
tions with dogs, serotonin has a purely vasoconstrictor action on the rat hind
limb (312) although this effect is still enhanced by nerve section (549).

Nonspecific sensitization of the rabbit ear artery to several vasoconstrictors
by serotonin has been described by De La Lande et al. (225, 227), but is no longer
demonstrable after depolarization of the artery. Thyroxine pretreatment sensi-
tizes the rat hindquarter to the vasoconstrictor action of serotonin (705), but
the effect is probably not specific (section IX G).

VIII. HISTAMINE AND ANTIHISTAMINES

The dual, vasodilator and vasoconstrictor, action of histamine (I 200) has
been further documented in more recent studies (244). The contractile effects
are readily demonstrable in large veins and arteries (I 200, 344, 869) as are the
electrical excitatory effects of histamine (Part I, section VI F). Histamine, like
other agonists, can contract depolarized blood vessels (I 557) but also relaxes
depolarized smooth muscle (852), and its vasodilator effect persists in micro-
circulatory vessels perfused with high K+*-solutions n situ (15).

Ultrastructural studies of Majno et al. (597a) revealed deformations of rat
vascular endothelial nuclei, suggestive of endothelial contraction, under the
influence of histamine. They observed similar endothelial effects of bradykinin
and serotonin, and suggested that these agents stimulate active endothelial
contraction leading to the pulling apart of venular endothelium with the conse-
quent increase in venular permeability (597, 597a). Endothelial gap formation
due to the hydrostatic effect of constriction of larger veins under the influence
of histamine, bradykinin or serotonin has been previously considered to be the
mechanism whereby these agents increase vascular permeability (774), but a
hydrostatic effect does not seem to be compatible with the changes in endothelial
ultrastructure (597a).

The possibility of a histaminergic vasodilating mechanism operating in vivo
(147, 803) has been reviewed by others (24, I 410). It has been pointed out by
Altura and Zweifach (18, 21-24) that certain antihistamines have direct vaso-
constrictor effects and also sensitize the rat microvasculature to catecholamines.
These authors point out that the vasoconstrictor action of topically applied
antihistamines is not necessarily due to removal of histaminergic vasodilator
mechanisms and should not be taken as conclusive evidence for the existence of
the latter. Antihistamines also produce pulmonary vasoconstriction in rats (405).

A cocaine-like effect of some antihistamines (e.g., diphenhydramine, chlor-
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pheniramine) on catecholamine-uptake mechanisms has been demonstrated and
is thought to account for the potentiation of the pressor effect of norepinephrine
by these agents (458, 472).

A catecholamine-releasing action of histamine has been suggested to be present
in certain nonvascular smooth muscle preparations (281, 592). The uptake,
metabolism, and chemistry of histamine have been reviewed by Green (371).
The volume edited by Rocha e Silva (761) covers the general pharmacology of
histamine.

IX. ADRENERGIC PHARMACOLOGY OF VASCULAR SMOOTH MUSCLE

The formidable efforts devoted by pharmacologists to adrenergic agents fore-
doom to failure any attempt at a comprehensive review of this field. To omit this
section from a review of vascular smooth muscle would be tantamount to ignor-
ing what certainly has been the quantitatively major area of experimentation
with isolated vascular preparations. The section on adrenergic pharmacology is,
therefore, presented as a compromise between the impossible and the unavoida-
ble.

The general pharmacology of adrenergic agents has been the subject of a rela-
tively recent symposium (10). The major topic of recent interest to vascular
pharmacology has been the action of vasoactive agents on the neuronal uptake,
storage, and release of adrenergic transmitters and false transmitters. Specific
reviews of these subjects include those by Iversen (461), Muscholl (658), Tren-
delenburg (900), and Zaimis (983).

A. Sympathomimelic amines: tyramine, ephedrine, amphetamine

From studies of the nictitating membrane, Trendelenburg et al. (901) pointed
out that there is a gradual transition among agents having greater or lesser
degrees of, respectively, direct and indirect activity, rather than a sharp and
absolute dichotomy. This conclusion is also valid in the case of vascular smooth
muscle.

Burn and Rand (157) produced convincing evidence in studies of perfused dog
hind leg, rabbit ear, and aortic strips, that tyramine and related agents stimulate
blood vessels in a large measure through the release of catecholamines from local
stores. A marked diminution of the vasoconstrictor response to tyramine in
catecholamine-depleted preparations, restoration of this response with exogenous
norepinephrine, and inhibition of the effects of tyramine in normal preparations
by cocaine (see below) were the major arguments favoring a mechanism of action
of tyramine, amphetamine, and ephedrine va catecholamine release. The release
of catecholamines by tyramine and other “indirectly-acting’’ amines has been
directly demonstrated in several tissues (330, 658) including blood vessels (577,
911). There is also a large body of unanimous evidence that reserpinization,
sympathectomy, and cocaine inhibit the vasoconstrictor effects of catecholamine-
releasing agents (sympathomimetic amines and others) in perfused vascular beds
(157, 165, 230, 331, 589, 675, 724, 882). The indirect effect of tyramine is not
considered to be mediated by action potentials of adrenergic nerves as it is not
blocked by tetrodotoxin (73, 880).
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The effect of any drug acting on the neuronal uptake and release of catechol-
amines will be influenced by the access of the drug to adrenergic nerve endings
and by the density of adrenergic innervation in a given blood vessel. In view of
the predominantly adventitial and adventitio-medial distribution of adrenergic
nerves in many, though not all, blood vessels (Part I, section II D; 103, 615) it
may be anticipated that the indirect effect of tyramine would be more prominent
with the amine applied to the adventitia. By ingenious use of the rabbit ear
artery De La Lande and Waterson (230) demonstrated the greater effect of
extraluminal than of intraluminal tyramine. They also found that the difference
in effect of the two routes of application was abolished by denervation and by
cocaine, and they suggested that the indirect phase of the biphasic response to
intraluminal tyramine (282) was due to extraluminal escape of the amine.

Depletion of endogenous catecholamine stores is considered to be the major
mechanism responsible for tachyphylaxis to the indirect action of tyramine and
related agents (331, 593, 594). Anatomical removal of the adrenergic plexus of
the rabbit aorta also reduces its sensitivity to tyramine (106, 615). The reduction
in the norepinephrine content of cold-stored rabbit aorta is associated with more
pronounced tachyphylaxis to tyramine (912). In view of the variable catechol-
amine content of different blood vessels (279, 340, 619, 739) it may be antici-
pated that indirect adrenergic responses would be subject to regional variations.

Inorganic ions may facilitate or inhibit adrenergic release and uptake mecha-
nisms. The uptake mechanism appears to require sodium (119, 346, 509), and the
amount of norepinephrine released by sympathetic nerve stimulation or by
depolarization with potassium increases as a function of extracellular calcium
concentration (133, 283, 509). The release of norepinephrine (from cat iris) by
tyramine requires both Na and K+, and is abolished at 4°C (893). These local
effects of ions and temperature on catecholamine storage mechanisms should be
considered in designing and evaluating experiments dealing with ionic modifica-
tions of the responses of vascular smooth muscle to catecholamines.

A direct effect of tyramine on vascular smooth muscle, in addition to the
indirect effect, is now supported by unequivocal evidence. The probability of a
direct effect was suggested by the residual response of reserpinized vascular
smooth muscle to high concentrations of tyramine (331, 537, 882) although the
persistence of a reserpine-fast but tyramine-sensitive catecholamine site in these
preparations could not be ruled out. Conclusive evidence for a direct action of
tyramine and mephentermine was obtained with the demonstration of the
contractile response of nerve-free umbilical vessels to these amines (I 559, 882).
The general significance of the results obtained with umbilical vascular smooth
muscle was confirmed with more common preparations, the denervated rabbit
aortic strip (106) and the ear artery (230).

There is some question whether the direct effect of tyramine and other “in-
directly-acting’”” amines is mediated through alpha-adrenergic or through trypta-
mine receptors. The sensitivity of human umbilical vessels to both tyramine and
norepinephrine is low, although the same preparations are quite sensitive to
serotonin (I 559, 882). Tyramine (537) and amphetamine (65) protect the alpha-
adrenergic receptors from blockade with Dibenamine, whereas an active serotonin
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blocking agent is relatively ineffective in antagonizing amphetamine (518). The
above findings suggest an action of tyramine mediated by alpha-adrenergic re-
ceptors. On the other hand bovine coronary arteries are relaxed by norepinephrine
but contracted by high concentrations of tyramine (34). It is possible that
direct effects of “indirectly-acting” amines may be mediated by more than one
type of receptor. The structural and quantitative aspects of relative indirect and
direct activity of a large series of amines described in the literature (e.g., 165,
394, 518, 502, 546, 658, 738, 901) are outside the scope of this review. Alpha-
methyl-norepinephrine is of some special interest among these amines, since it
is a metabolite of the antihypertensive agent a-methyl-dopa (529). Alpha-
methyl-norepinephrine is a potent directly acting amine, and the antihyperten-
sive action of its precursor, a-methyl-dopa, remains unexplained (529, 643, 724).

The maximal contractile effect of “indirectly acting” sympathomimetic amines
is low, and may in some cases be less than 20 % of the maximal response to norepi-
nephrine (65, 331, 394, 518, 546, 738). It seems probable that these inequalities
of maximal contraction, which includes the component due to the direct effect
of these drugs on smooth muscle (see above), are due primarily to differences in
the intrinsic activity of these compounds or, as we would suspect, their unequal
efficiency of increasing the permeability of the membrane to calcium (section
XXII; Part I, section VI H). However, because beta-blockers were not used in
the studies cited above, beta-adrenergic autoinhibition (section IX J) may also
have contributed to the depression of the maximal contractile response to certain
sympathomimetic amines. The relatively low maximal contractile effect of
isoproterenol on rabbit aortic strips (618) is most probably due to this type of
autoinhibition. In comparing the effects of norepinephrine with those of iso-
proterenol for estimating ‘“‘spare receptors” the authors did not consider the
possibility of autoinhibition of isoproterenol. For this reason, we are not pre-
pared to accept the conclusion (618) that there are no spare alpha-receptors in
the rabbit aorta.

A direct vasodilator effect of tyramine, not blocked by cocaine, was already
noted by Burn and Rand (157). Ephedrine also has a direct vasodilator effect,
which can be blocked by propranolol (317).

Finally, it should be noted that an indirect vasopressor action, mediated
through the release of endogenous catecholamines, is not limited to sympatho-
mimetic amines. Such an indirect effect can also be elicited by other agents
affecting uptake and storage mechanisms, such as cocaine (596), guanethidine
(2, 334, 614, 617), and bretylium (506).

B. Cocaine, destpramine, and phencyclidine

The “cocaine paradox,” sensitization to the effects of norepinephrine but
desensitization to those of tyramine and other “indirectly acting’” amines (157),
has been largely resolved by recognition of the effects of cocaine on catecholamine
uptake and storage mechanisms. It is generally agreed that cocaine inhibits the
indirect action of tyramine by preventing its uptake into, and the consequent
release of norepinephrine from, adrenergic neurones (331, 658).
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The mechanism of potentiation of catecholamines by cocaine is thought by
many to be due to inhibition of amine uptake mechanisms (331, 461, 658) al-
though the possibility of postsynaptic potentiation has received increasing sup-
port. The major argument favoring presynaptic potentiation is the unequivocal
evidence that cocaine inhibits catecholamine uptake across the adrenergic
neurone membrane. Also, De La Lande et al. (226) found that the response of
the central artery of the rabbit ear to a fixed concentration of norepinephrine
applied extraluminally was increased several-fold by cocaine, while the effect of
intraluminally applied norepinephrine was only slightly augmented by it. They
also found that, although intraluminal and extraluminal cocaine both tended to
increase the effect of extraluminal norepinephrine, this action was less marked
with intraluminal than with extraluminal cocaine and the former, in some experi-
ments, even depressed the response to intraluminal norepinephrine. They con-
cluded that cocaine enhanced the constrictor action of norepinephrine by in-
hibiting the uptake of the catecholamine into neuronal sites at the adventitial
border. Bevan and Verity (106) found that cocaine did not potentiate the action
of norepinephrine on acutely denervated aortic strips (median effective dose)
although this effect was observed with controls. They suggested that this finding
indicates some potentiation through inhibition of uptake. Haeusler et al. (383a)
found that, in rat mesenteric arteries, cocaine and surgical denervation produced
the same degree of potentiation to norepinephrine suggestive of a common
presynaptic mechanism of supersensitivity.

A more direct potentiation of norepinephrine by cocaine, perhaps at the
vascular smooth muscle membranes, has been suggested by Maxwell et al. (614~
616). This argument has received some further support by the demonstration
that impairment of the catecholamine-retaining activity of rabbit aortic strips
through cold storage did not abolish the potentiating effect of cocaine (483, 923).
In the latter studies the possibility remained that only intraneuronal binding,
but not neuronal uptake and intraneuronal inactivation, of norepinephrine was
abolished by cold storage, and cocaine could still exert its effect through the
uptake mechanism. The possibility of a potentiating action of cocaine that is
independent of its effect on uptake is also suggested by its ability to increase the
mazximal response of the denervated aortic strip (106) and of the vas deferens
partially blocked by phenoxybenzamine (669) to norepinephrine. Further evi-
dence of “facilitating” action of cocaine on smooth muscle, independent of an
effect on neuronal stores, is the demonstration (489) that cocaine increases the
maximal response of the vas deferens to acetylcholine and angiotensin and simi-
larly potentiates the contractures evoked by Ca** and depolarizing concentra-
tions of K+*. The potentiation of methoxamine by cocaine also indicates an
interaction unrelated to uptake mechanisms (483). The published data do not
permit quantitative assessment of how much of the observed potentiation is
due, respectively, to inhibition of uptake or to postsynaptic potentiation. In
any event the major mechanism of potentiation may vary in different vessels
and under different experimental conditions. Miller and Lewis (639) suggested
that cocaine may increase the maximal response of denervated aortic strips to
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norepinephrine by eliminating autoinhibition. Previous attempts at demonstrat-
ing a beta-blocking action of cocaine against isoproterenol as the agonist were
unsuccessful (614), but neither did cocaine in these experiments increase the
maximal response to norepinephrine. A reinvestigation of the effects of cocaine
on beta-adrenergic responses of vascular strips would be of interest, although it is
clear that potentiation of agonists other than adrenergic agents (489) cannot be
due to a beta-adrenergic mechanism.

It has been suggested that desipramine (441) and phencyclidine (687) poten-
tiate the vasoconstrictor action of norepinephrine through a cocaine-like mech-
anism. The onset of potentiation is slower with desipramine than with cocaine
(441). Desipramine also has a direct, depressant effect on vascular smooth
muscle (816, 829). Cocaine-like effects on vascular catecholamine uptake can also
be elicited by tyramine (331) and by guanethidine and methylphenidate (612,
616). Methylphenidate (10~® M) potentiates the response of rabbit aortic strips
to norepinephrine, whereas higher concentrations depress the responses to
histamine, serotonin, and norepinephrine (612). As in the case of cocaine the
potentiating action of guanethidine and methylphenidate may not be due solely
to interference with catecholamine uptake (616).

C. Reserpine and denervation supersensitivity

It is well known that reserpine depletes tissue catecholamine stores, and the
drug is extensively used for this purpose in experimental pharmacology (this
section A and B). As indicated earlier, this action accounts for the decreased
sensitivity of reserpine-treated blood vessels to “indirect-acting” amines ¢n vivo.
Reserpine blocks the Mg-ATP dependent uptake of catecholamines, although not
the Mg-ATP independent uptake of metaraminol (for review see 586).

Sensitization of reserpinized vascular smooth muscle to norepinephrine was
described by Burn and Rand (157) and confirmed by others working with canine
and rabbit vascular preparations (64, 169, 170, 331, 444, 584, 589, 882). Sensitiza-
tion to catecholamines is influenced, in addition to the regimen of reserpine
treatment employed, by the age of the rabbits (170). In cats the sensitivity to
norepinephrine is decreased by reserpine given in concentrations sufficient (1
mg/kg) to induce circulatory failure (882, 963). An interesting observation of
Nash et al. (675) is that the normal depressant effect of hypercapnia (section
XVII A) is reversed after reserpine treatment of cats: in perfused hind-limbs of
these animals the vasoconstrictor response to norepinephrine is accentuated.
This effect of acidosis may be due to depression of monoamine oxidase and
catechol-O-methyl transferase since the latter are probably the rate-limiting
factors in the removal of catecholamines in reserpinized preparations.

Nonspecific supersensitivity of blood vessels to vasoactive agents other than
catecholamines can also result from reserpine treatment (23, 444, 675, 859). The
calcium content of the arteries of dogs, rats, and young rabbits is decreased after
reserpine treatment (170). The response of depolarized rabbit vascular strips to
Ca™+ is less readily depressed by Dibenamine after reserpine treatment than in
control preparations (859). Further and more direct proof will be required to
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determine whether the general permeability (170) and the specific permeability
of vascular smooth muscle membranes to Catt (859) is increased after reserpine
treatment. An additional effect of reserpine treatment on spike-generating
vascular smooth muscle is an increase in conducted spontaneous electromechani-
cal activity (445, 859).

The mechanisms of denervation supersensitivity, based primarily on studies
of the nictitating membrane, have been discussed by Trendelenburg (900) and
may be applicable to vascular smooth muscle. He distinguished two components
of supersensitivity, presynaptic and postsynaptic. Presynaptic supersensitivity,
due to inhibition of uptake and storage mechanisms, is probably responsible for
the specific increase in sensitivity to catecholamines after denervation or reserpine
treatment. Nonspecific sensitization by reserpine to peptides, Catt, and other
agents not taken up by adrenergic nerves may be due to vascular “postsynaptic”
denervation supersensitivity, (859) rather than to a direct action of reserpine on
vascular smooth muscle. The decreased effectiveness of phenoxybenzamine on
denervated nictitating membranes (545) may be analogous to the decreased
depressant effect of Dibenamine on reserpinized vascular smooth muscle dis-
cussed earlier. However, the general and massive physiological disturbances
created by “reserpinization,” emphasized by Zaimis (963, 983) preclude a precise
determination of the events leading to Cat+ depletion and nonspecific sensitiza-
tion of vascular smooth muscle.

The effects of reserpine on vascular smooth muscle in vitro have not been
widely investigated. A general depressant effect of reserpine or its solvent (427)
on vascular strips has been reported (28, 427, 508). Reserpine is a phosphodiester-
ase inhibitor (426), and a direct vasodilator action could be related to this
effect. The absence of a vasoconstrictor response to acute reserpinization has
been attributed to the release of inactive deaminated metabolites, rather than
norepinephrine, when no monoamine oxidase inhibitors are administered (527).

The vessels of the denervated bat wing (957) and of the dog hind-limb after
lumbar sympathectomy (749) are supersensitive to epinephrine. Grant (369)
suggested that denervation supersensitivity to catecholamines is more pro-
nounced in cutaneous than in skeletal muscle blood vessels. Surgical denervation
produces only presynaptic, but not postsynaptic, supersensitivity in the mesen-
teric blood vessels of rats (383a). It would be of interest to explore further the
possibility of postsynaptic sensitization to other agonists in other anatomically
denervated blood vessels.

D. Nicotine

An indirect vasoconstrictor effect of nicotine, mediated by the release of
stored catecholamines, is well documented (e.g., 73, 157, 297, 589, 824). Accord-
ing to one report (3) this catecholamine-releasing action of nicotine is inhibited
by tetrodotoxin, but others (384a) found that tetrodotoxin did not block the
catecholamine-releasing action of acetylcholine on the nicotinic receptors of
adrenergic nerves. The indirect vasoconstrictor effect of nicotine on rabbit aorta,
although not mediated through ganglia, is inhibited by the ganglionic blocking
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agent, hexamethonium (824). The mechanism of coronary vasoconstrictor action
of nicotine on reserpinized animals (767) remains to be determined.

A direct vasodilator effect of nicotine, apparently independent of innervation,
has also been demonstrated (297, 589, 642). The vasodilator effect is not blocked
by propranolol or by cholinergic blocking agents (297, 589). The bell-shaped dose-
response curves of the rabbit aorta to nicotine (641) may be due to autoinhibi-
tion by the vasodilator effect.

E. Adrenergic-neurone-blocking and ganglion-blocking agents

The neuroactive properties of adrenergic-neurone-blocking agents (e.g.,
guanethidine, bretylium) have been reviewed by others (134, 529, 656). In addi-
tion to inhibiting neurally stimulated release of catecholamines, adrenergic-
neurone blocking agents also produce indirect (tyramine-like) vasoconstric-
tion (2, 617, 445, 529, 656). A direct vasoconstrictor action of high concentra-
tions of a guanidine derivative and of guanethidine, blocked by phentolamine,
has also been suggested (617). Guanethidine potentiates the response of rabbit
aortic strips to, and inhibits the uptake of, norepinephrine (this section B; 613,
616). Acute administration of guanethidine potentiates microcirculatory re-
sponses to catecholamines (23, 986) whereas the effects of chronic guanethidine
treatment are variable (23).

The vasodilator effect of guanethidine has been demonstrated in reserpine-
treated hind leg preparations (2) and in rabbit aortic strips (614). Antihistamines
and atropine do not block the vasodilator effect of guanethidine, and dichloro-
isoproterenol only partially inhibits it (2). Maxwell et al. (617) suggested that
the vasodilator effect may mask the vasoconstrictor action of guanethidine. The
mechanism of vasodilator action of the adrenergic-nerve blocking agents may be
related to their local anesthetic (e.g., 741) properties (section XIII).

The inhibition of nicotine-induced catecholamine release by hexamethonium
has been mentioned earlier (this section D; 578). Hexamethonium also blocks
the acetylcholine-induced release of norepinephrine (384). Tetraethylammonium
and mecamylamine potentiate, nonspecifically, the responses of cat carotid artery
(585) and rabbit aorta (495) to vasoconstrictor amines and to angiotensin. High
concentrations of ganglionic blocking agents depress the contractile response of
these preparations. Microcirculatory responses to epinephrine are increased
after ganglionic blockade with pentolinium (54).

F. Alpha-adrenergic receptors and blocking agents

The excitatory effects of alpha-adrenergic activation on vascular smooth muscle
have been universally confirmed. In general, it may be assumed that the response
of a given vascular bed to a sympathomimetic amine will be determined, re-
spectively, by a) the relative sensitivity of the vascular smooth muscle to alpha-
adrenergic (excitatory) and to beta-adrenergic (inhibitory) activation, and b)
the relative alpha/beta-adrenergic activity of a given amine. The activity of
epinephrine, relative to norepinephrine, on rabbit aorta can be enhanced by beta-
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adrenergic blockade (102). The relative potency of various amines on different
blood vessels may also vary in a manner independent of beta-blockade (102).
These differences in potency may be due to different rates of inactivation, bind-
ing, or uptake (see also p. 164 in 461) or to the activity of these amines on trypta-
mine receptors, and we would hesitate to consider them as evidence of several
types of alpha-receptors. The decreased sensitivity of certain tumor vessels to
epinephrine has been used as a diagnostic aid in renal angiography (7, 479).

According to the model adopted in this review, alpha-adrenergic and other
types of excitation are mediated primarily by an increase in the permeability
of the membrane to ions (section XXII; Part I, sections VI F to H). Evidence
of an alpha-adrenergic increase in the Na-permeability and depolarization of the
membrane have been discussed earlier (Part I, section VI A and F). In spike-
generating vascular smooth muscle excitation leads to an increase in action
potential frequency (Part I section VI F, 106a). A most intriguing question
relates to the nature of the difference between vascular and intestinal alpha-
receptors. In the two tissues the affinity of the receptors to alpha-blocking agents
appears to be identical (417). In intestinal smooth muscle activation of alpha-
receptors increases the permeability of the membrane to potassium (469) and
inhibits contractile activity (14, 326, 966). It is probable that, as suggested by
Jenkinson and Morton (469), inhibitory and excitatory alpha-activation differ
primarily by the latter’s producing an increase in Na- and Ca*+-permeability,
while the former affects only the potassium channels. The mechanism responsible
for these differential effects of alpha-adrenergic agents on the permeability of
different membranes is one of the more challenging problems of membrane
pharmacology.

Alpha-adrenergic excitation increased the K+-efflux from the rat aorta (I 505),
but these experiments were conducted on polarized vascular smooth muscle.
Hence it is uncertain whether the depolarizing action of norepinephrine (Part I,
section VI F) or a primary increase in K+-permeability caused the increase in
efflux. It would be of interest to know whether alpha-adrenergic excitation also
increases the K+-permeability of depolarized vascular smooth muscle. A signifi-
cant cancellation of depolarization due to increased Na-permeability could
occur if an excitatory drug also increased K+-permeability under conditions
when Eg is more negative than the resting potential (Part I, section VI). This
type of cancellation accounts for the incomplete depolarization of the motor end-
plate by a cholinergic stimulus (pp. 125-126 in 491) and may also be the reason
why norepinephrine produces only incomplete depolarization of vascular smooth
muscle (851, 859).

A very interesting observation of Brecht’s laboratory (143a, 521) concerns
the effects of rapid, small (6 to 10 mM) increments of potassium concentration
on the contractile response of bovine facial arteries to norepinephrine. Under
the influence of such potassium-transients the contractures elicited by relatively
high concentrations (5 X 10~* w/v) of norepinephrine are relaxed. The mech-
anism of this phenomenon has not been established.
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Regional and species-specific variations in the response of vascular smooth
muscle to alpha-adrenergic stimulation are now implicitly accepted and require
no further detailed documentation. Reviews and recent studies of the general
systemic (772, I 410), coronary (95, 285, 601, 773, 800), pulmonary (50, 298, 450),
intestinal (932), cerebral (370, 385, 393, 847), and retinal (27, 650) vasculature
describe in detail regional and segmental responses to endogenous and exogenous
catecholamines. The adrenergic responses of large feeding arteries and small
resistance vessels of a given region often differ (805), as has been clearly shown
in comparative studies of isolated mammalian coronary (994) and avian pul-
monary vessels (853, 855).

Age-related changes in sensitivity to alpha-adrenergic agents have been re-
ported, although alpha-receptors appear relatively early in fetal life. In chick
embryos a pressor response to norepinephrine, which can be blocked with
phenoxybenzamine, appears by the seventh day (350). In fetal mice of approxi-
mately 13 days gestation topical norepinephrine elicits vasoconstriction of the
middle cerebral artery anlage (191). Not only is the newborn calf sensitive to
catecholamines, but also its autonomic mechanism mediating asphyxial reflex
vasoconstriction is fully operative (640). The threshold level to norepinephrine
in mesoappendical vessels is higher in adult than in young rats (443). The sensi-
tivity of human umbilical and placental vessels to norepinephrine is variable,
but generally low and blocked by haloalkylamines (193, 360, 704, I 559).

Identification of alpha-receptors through labeling them with tritiated halo-
genoethylamines (alpha-blockers) has been attempted (246, 560, 647, 981) but
appears to have been unsuccessful. Earlier claims of localizing aortic alpha-
receptors to a phospholipid fraction (246) have been subsequently questioned on
methodologic grounds (560). The major technical difficulty is, as in the case of
intestinal cholinergic receptors (717), the extensive labeling of nonreceptor bind-
ing sites (647). In view of the nonadrenergic effects of halogenoalkylamines on
the permeability of the membrane to calcium (section XIV), at least some of the
“nonspecific” binding sites may represent functional groups of the plasma mem-
brane.

Alpha-blocking agents inhibit, at least equally, the action of endogenous,
neurally released catecholamines and of exogenous amines, according to recent
studies (3, 93, 556). In the perfused hind-leg of the dog the small veins are more
susceptible to blockade by phenoxybenzamine than are the arteries (3). In iso-
lated blood vessels, however, the greater depressant effect of haloalkylamines on
veins than on certain large arteries is relatively nonspecific (section XIV). Small
veins are more sensitive to alpha-adrenergic blockade by dihydroergocristine
than the rabbit aorta (300).

The effects of haloalkylamines that are not directly related to their alpha-
blocking activity are discussed elsewhere (section XIV). Attention is called here
to the observation that, at least under certain experimental conditions, Diben-
amine in concentrations commonly employed for alpha blockade (1.5 X 10~°
w/v) may produce significant nonspecific depression of particularly sensitive
(e.g., rabbit mesenteric vein) vascular smooth muscles (859, section XIV).
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G. Thyroxine and related compounds

The interaction of thyroid with adrenal medullary compounds has been the
subject of frequently conflicting reports (396). Thyrotoxicosis has been reported
to enhance the response of the vessels of the canine gracilis muscle to alpha- and
beta-adrenergic agents (318) but also to depress the response of the perfused
hindquarter of rats to norepinephrine (517). Aortic strips obtained from hyper-
thyroid rabbits exhibit a lesser maximal response to norepinephrine than normals
(588). Since beta-blockers were not used in this study the possibility of beta-
adrenergic sensitization by thyrotoxicosis (318) with consequent depression of
the vasoconstrictor response (section IX J) cannot be ruled out. The responses
of the aortic strips of thyrotoxic rabbits to nicotine and tyramine are reduced or
absent, and only the response to nicotine can be restored with norepinephrine
(588).

The potentiating effect of thyroxine and of 1-3,3’,5-triiodothyronine on the
responses of rabbit aortic strips to low concentrations of catecholamines in vitro
depends critically on the presence and binding of contaminating metal ions (828,
833). Attention is called to the very instructive observation that physiological
salt solutions prepared from commercial reagents contain sufficient copper (6.6
ug/1) to decrease the peak and shorten the duration of the response to low con-
centrations of catecholamines and therefore ‘“pseudoenhancement’” of the re-
sponse to epinephrine can be produced by any agent (e.g., EDTA) that can che-
late copper (833).

H. Vascular metabolism of catecholamines

The general aspects of catecholamine metabolism, largely reflecting the prop-
erties of adrenergic nerves, have been summarized in a recent monograph by
Iversen (461). We shall review here only a few studies pertinent to experimenta-
tion with isolated vascular smooth muscle.

Metal-ion catalyzed auto-oxidation of catecholamines in witro, in particular
the effects of copper contamination in commercial reagents (833), and the
elimination of these effects with chelating agents (331, 833) have been discussed
in the preceding section. Metal-catalyzed auto-oxidation can limit not only the
contractile response of vascular smooth muscle to catecholamines (331, 833)
but also the uptake of tritiated norepinephrine into vascular adrenergic storage
sites (681). Autooxidation of catecholamines in solution is more pronounced in
the absence of tissues than in their presence (386). The protective effect of tissues,
and of plasma albumin (section V) may be due to chelation of metal ions. The
neuronal uptake of norepinephrine is influenced by extracellular Na and K+
concentrations (119). It may be necessary to re-evaluate the influence of extra-
cellular cations on the vasoconstrictor responses to catecholamines in terms of
indifect effects related to vascular catecholamine metabolism (see also this
section A).

Uptake of norepinephrine into vascular smooth muscle of rabbit ear arteries
has been demonstrated with the fluorescence method by Avakian and Gillespie
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(49). Demonstrable uptake required perfusion with high concentrations (>10-%
w/v) of norepinephrine, and uptake was depressed by concentrations of phenoxy-
benzamine well in excess of those depressing the contractile response. The authors
concluded that uptake into smooth muscle was not mediated by alpha- or beta-
adrenergic receptors. They also suggested that the delayed relaxation of contrac-
tions produced by very high concentrations of catecholamines is due to the slow
leakage of amines previously taken up into smooth muscle. At high concentra-
tions (10~ M) most of the norepinephrine taken up by rabbit aorta is extra-
neuronal (682). The endogenously released norepinephrine concentration in the
neurally-stimulated rat portal vein is estimated to be about 2 X 10— M (564)
and in the rabbit pulmonary artery about 10-¢ M (100a) and suggests that up-
take of endogenous catecholamines by vascular smooth muscles may occur in
vivo.

Oil-immersion of rabbit aortic strips, preventing the escape of water-soluble
agonists, has been used by Kalsner and Nickerson (481, 482, 484) to correlate
the time-course of relaxation with the concentration of active agonist in the bio-
phase (I 200). Under these conditions iproniazid, a monoamine oxidase inhibitor,
slowed the relaxation of phenylephrine-induced contractions. This finding is
compatible with phenylephrine catabolism being the rate-limiting reaction in the
relaxation process. The experience with the oil-immersion method, however, is
too recent for a complete evaluation of the conclusions derived from it, and it is
not within the scope of this review to evaluate the relative contributions of
monoamine oxidase and catechol-O-methyl transferase to vascular catechol-
amine metabolism. We would caution, however, that the relaxation rate of
vascular strips cannot be taken as a general index of the elimination of an agonist
from the biophase. Under certain experimental conditions either tachyphylaxis
or the activity of the smooth muscle relaxing system may be the rate-limiting
parameter of relaxation.

Iproniazid given to rabbits decreases the responsiveness of their aortic strips
to norepinephrine (52). Tranyleypromine, a monoamine oxidase inhibitor, con-
tracts rabbit aortic strips, but other monoamine oxidase inhibitors do not share
this activity (403).

I. Beta-adrenergic mechanisms

The general concept that in most tissues cyclic 3',5’-AMP is the secondary
messenger mediating beta-adrenergic effects has been pioneered by Sutherland
et al., who recently reviewed this topic (758, 877). It has been suggested that
adenyl cyclase, the membrane-bound enzyme that catalyzes the conversion of
ATP to cyclic AMP and is stimulated by beta-adrenergic agents, may be part of
the beta-receptor (877). The cyclic nucleotide is catabolized to 5-AMP by phos-
phodiesterase (758, 877). It is generally suggested, although not specifically
proved for vascular smooth muscle, that the biological effects of phosphodiester-
ase inhibitors (e.g., theophylline, caffeine) are due to local accumulation of
endogenous cyclic AMP.

Several diverse vasodilators, in addition to the methyl xanthines, inhibit
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phosphodiesterase. These phosphodiesterase inhibitors include the phenothia-
zines and reserpine (426) and the benzothiazides (section XII).

Relaxation and variable membrane potential changes are the principal effects
of beta-adrenergic activation of vascular smooth muscle. The relaxant effect, a
common action on other smooth muscles and on avian slow muscles, can be
elicited in several systems without hyperpolarization and inhibition of spike
electrogenesis (215, 242, 469, I 529, 850). This pharmacomechanical inhibitory
action of beta-adrenergic activation is assumed (section XXII) to be due to the
lowering of cytoplasmic calcium ion concentration (Part I, sections VI C and H)
mediated by either a decrease in the permeability of the plasma membrane to
Catt or an increased active extrusion or reticular uptake of Cat+ (469, I 529,
850). The experimentally unsupported assumption that beta-adrenergic relaxation
of the avian mesenteric artery is due solely to hyperpolarization and inhibition of
spike electrogenesis (128) is not consistent with a large body of evidence on beta-
adrenergic inhibition. Rasmussen and Tenenhouse (742) suggested regulation of
membrane permeability to calcium as a general mechanism of action of cyclic
AMP. It should be noted, however, that in order to relax vascular smooth muscle
the nucleotide would have to decrease cytoplasmic Catt, producing an opposite
effect to the one that would cause positive cardiac inotropism (877) or stimulus-
secretion coupling (254). Catt-efflux from the perfused rat liver is increased by
cyclic AMP and by certain substances (norepinephrine, glucagon) that increase
its formation (321), but similar studies on vascular smooth muscle are lacking.
The difficulty of interpreting the mechanical effects of exogenous cyclic AMP are
discussed elsewhere (section X). Schild (I 529) made the very interesting observa-
tion that trace amounts of calcium are required for the myometrial relaxant effect
of isoproterenol.

The response of the membrane potential of vascular smooth muscle to beta-
adrenergic agents varies with the potassium concentration of the medium. This
possibility was suggested previously (Part I, section VI F) on the basis of work
on avian slow muscle, and has since been verified in experiments on the rabbit
main pulmonary artery (851). This preparation is hyperpolarized by isoproterenol
(2 X 107 w/v) in 1.0 mM K+ and depolarized by the amine in 10.0 mM K+
solution. In the presence of 5.9 mM K+ the electrical response is minimal and
variable. The suggested mechanism responsible for this phenomenon, beta-
adrenergic stimulation of the Na pump with the Na/K* coupling ratio (and hence
electrogenicity of the pump) determined by external K+ concentration, have
been discussed elsewhere (Part I, section VI; 850). The possibility that the de-
polarizing effect in high K+ medium is due to an alpha-adrenergic effect has not
been ruled out, however. Compatible with befa-adrenergic stimulation of the
vascular Na-pump is the decrease in the Na-content of the rat aorta after injec-
tion of isoproterenol (211) and the inhibition of beta-adrenergic hyperpolariza-
tion by the Na,K+-ATPase inhibitor, olygomycin (858a). An important contri-
bution to the interpretation of adrenergic mechanisms was made by Jenkinson
and Morton (469), who found that in intestinal muscle passive permeability
changes, indicated by K*-efflux, were associated with alpha- but not with beta-
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adrenergic stimulation, an observation that was extended to uterine smooth
muscle by Daniel et al. (215). The latter authors also suggested an alternative
mechanism of action of isoproterenol on the membrane potential, mediated by a
decreased Na-permeability. The electrophysiological studies of Biilbring and
Tomita (152) on taenia coli also showed that the increase in membrane conduct-
ance produced by catecholamines is mediated by alpha-receptors, whereas beta-
adrenergic activation has no demonstrable effect on membrane conductance.
In the presence of theophylline (4.0 mM) a low concentration of isoproterenol,
which by itself would have no detectable effect on the membrane potential,
hyperpolarizes the rabbit main pulmonary artery (858a). Dibutyryl cyclic AMP
(0.5 to 1.0 mM), particularly in conjunction with theophylline (4 mM), also
hyperpolarizes (10 mV in a 1.0 mM K+-Krebs solution) rabbit main pulmonary
strips (858). These findings suggest that beta-adrenergic hyperpolarization is
mediated by cyclic AMP. Adenosine monophosphate (1 mM), under similar ex-
perimental conditions, does not hyperpolarize the rabbit main pulmonary artery
(858).

The identity of vascular beta-receptors with those of other tissues has recently
been questioned and the possibility of several subtypes of beta-receptor has been
suggested (326, 543, 557, 959). We agree with the conservative views of Furch-
gott (326) that a multiplicity of drug-tissue interactions may lead to apparent
differences between beta-responses of different tissues without variations in the
molecular structure of the beta-receptor. Interpretation of results obtained with
different blocking agents is difficult, because the latter may also have adrenergic
or nonspecific effects to which different tissues need not respond ia the same man-
ner. In comparing the potency ratios of several amines on different receptors, it
is particularly important to recall that the intestinal inhibitory action of cate-
cholamines is due to both alpha- and beta-effects (13, 326, 469, 966).

J. Beta-adrenergic action of norepinephrine; sympathetic vasodilation in veins and
in coronary and umbilical vessels

A relaxant action of norepinephrine on the rabbit aortic strip, unmasked by
alpha-blockade of the contractile effect, has been described by Furchgott (I 200,
326). After intensive alpha-blockade, reversal of the vasoconstrictor action of
exogenous or endogenous norepinephrine to vasodilation has also been demon-
strated in vivo (72, 144). More recent studies (see below) also indicate that even
in the absence of alpha-blockade in certain blood vessels norepinephrine can
exert a vasodilator effect that is abolished by beta-blocking agents.

Beta-adrenergic autoinhibition of the vasoconstrictor action of norepinephrine
leads to a lesser maximal contractile effect than that produced by the amine
when the beta-receptors are blocked. This has been demonstrated in pulmonary
arterial strips of chickens, although it was not seen with sciatic artery strips of
the same species (966). Similar observations on the rat aorta, an increase in the
maximal contractile effect of norepinephrine by propranolol treatment, were re-
ported subsequently but interpreted in a different manner (719). We fail to be
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convinced by the latter author’s argument that propranolol was not acting as a
beta-blocker because its effects were partly mimicked by changes in ambient
temperature.

Beta-adrenergic depression of the alpha-adrenergic action of norepinephrine
action 7n vivo has also been demonstrated by the increased vasoconstriction that
follows beta-blockade (353). In certain vascular beds, such as the coronary ar-
teries of several species, alpha-receptor density seems low. Coronary vessels
therefore are frequently, though not always, dilated by norepinephrine and
epinephrine, although the response can vary with the initial tone (63) or size
(994) of coronary arteries studied. Coronary vasodilation by exogenous or neu-
rally released catecholamines can sometimes be converted to vasoconstriction by
beta-blockade (255, 542, 883). The coronary vasodilator action of norepinephrine
and of adenosine (section X) is potentiated by dypiridamole (400).

Autoregulatory escape, partial vasodilation during prolonged sympathetic
stimulation (I 410), may in some instances occur as a manifestation of a delayed
beta-adrenergic vasodilator action of norepinephrine, since in canine femoral
arteries this phenomenon is partially inhibited by beta-blockade (341). The vaso-
dilator action of norepinephrine administered during sympathetic stimulation is
also blocked by dichloroisoproterenol (496). The diminished vasoconstrictor re-
sponse of rabbit aortic strips to epinephrine after exposure to high concentrations
of the amine (709) may also have been due to persistent beta-adrenergic effects,
although other mechanisms cannot be ruled out.

Veins, it is now clearly established (4, 194, 694, 856, 878, 993), are also dilated
by beta-adrenergic activation. The venoconstrictor effects of isoproterenol are
due to its alpha-adrenergic action (194, 856, 878). Phenylephrine converts the
effect of subcontractile doses of isoproterenol in rabbit aortic strips to a con-
tractile one (591).

Human umbilical vascular smooth muscle is not relaxed by isoproterenol
(360, I 559). In one report relaxation of longitudinal strips of human umbilical
arteries by isoproterenol is mentioned (642) without description of experimental
methods or specific data. In view of the relationship suspected between phos-
phodiesterase inhibitors and beta-adrenergic mechanisms (see preceeding section),
it is interesting that caffeine (I 557) and theophylline (360) relax umbilical vas-
cular strips under conditions in which isoproterenol is ineffective. A lack of
vasodilator effect of isoproterenol on vascular strips of certain lower vertebrates
has also been described (158). A possible alpha-adrenergic inhibitory action of
catecholamines on umbilical vessels has also been reported (360). It would be
of interest to determine whether this effect, like the one in intestinal muscle
(469), is mediated through hyperpolarization due to an alpha-adrenergic increase
in K+-permeability, unaccompanied by increased Na* and Cat*-permeability.
Unlike the umbilical vessels, the vasculature of the perfused placenta is dilated
by isoproterenol (192).

In view of the beta-adrenergic vasodilator properties of norepinephrine there
is no reason to doubt that, under appropriate conditions (927), it can act as an
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autonomic vasodilator transmitter. An isoproterenol-like substance may be
formed as an artifact during chromatographic processing of biological materials
(756) but there is no evidence for its natural occurrence.

K. Beta-blockers: local anesthetic and other nonspecific effects;
interaction with alpha-adrenergic responses

Extensive studies of beta-adrenergic blocking agents, including specific blocking
and nonspecific actions, have been reviewed by Ahlquist (13) and compiled in
the proceedings of a recent symposium (648). A particularly important side
effect of agents of the type of pronethalol and propranolol is their local anesthetic
action, equivalent to or exceeding that of procaine (558). The local anesthetic
effect (see section XIII) may be the mechanism of nonspecific vasodilator action
of these agents (114, 473, 667, 827). The local anesthetic and nonspecific vaso-
dilator effects are equally prominent with the racemic beta-blockers and with
the (4 )-isomers that have very little beta-blocking activity (473, 558, 827).
The adrenergic-neurone blocking action of propranolol and pronethalol (223, 306)
and their effect on lipid-facilitated calcium transport (680) may also be related
to their local anesthetic action.

There have been reports of beta-blockers inhibiting the vasodilator action of
some agonists that are generally not considered to be beta-adrenergic agents.
In the single report of pronethalol and propranolol inhibiting the vasodilator
action of histamine on the canine hind leg (47) the concentration of the blockers
used was very high, in comparison with that required to block the effects of
isoproterenol in this preparation (667). Inhibition of the peripheral vasodilator
action of hydralazine by propranolol has been demonstrated but the possibility
of an indirect, adrenergically-mediated effect has not been ruled out (150). The
vasodilator actions of pheniprazine (644) and of nylidrin (600) are also partially
inhibited by beta-blockers.

The relationship of the blockade of the canine vasodilator action of chloro-
butanol-oxytocin mixtures by pronethalol (section II C) and of the mechanism
of catecholamine-oxytocin vasodilator interaction (section II G) to beta-adrener-
gic mechanisms remains to be established.

Alpha-adrenergic blocking effects and protection of alpha-receptors from
irreversible blocking agents have also been ascribed to befa-blockers, but the
depression of the responses of certain vascular strips to norepinephrine by
pronethalol or propranolol (176, 376, 519, 620, 855) could be largely due to a
nonspecific local anesthetic effect with perhaps a small contribution (376) due
to interaction with alpha-receptors. The depressant effect of dichloroisoproterenol
on rabbit aortic strips is not specifically directed to alpha-agonists (376, 737, 973)
although it satisfies the kinetics of competitive inhibition. The apparent protec-
tion of the alpha-receptors of aortic strips from phenoxybenzamine by beta-
blockers (519, 620, 691, 977) is probably due largely to unmasking of residual
(unblocked) alpha-receptors inhibited by the beta-adrenergic action of norepi-
nephrine (326, 977). Some of the protecting effects, however, may be unrelated
to beta-blockade, since the weak beta-blocker (+)-isomers were equally active
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in protection studies of the vas deferens (714). The effect of alpha-blockers on
the slight contractile effect of pronethalol on venous strips (856, 878) has not
been determined.

X. ADENINE NUCLEOTIDES AND DIPYRIDAMOLE

A dual, excitatory and inhibitory, action is characteristic of the vascular
effects of adenine nucleotides. In the rabbit aortic strip (I 200, I 202) ATP pro-
duces a contractile or a relaxant effect, depending upon the initial tone of the
preparation. Relaxed strips are contracted and contracted strips relaxed, whereas
the response of partially contracted strips is diphasic. Vasoconstrictor effects of
ATP are pronounced in the rabbit pulmonary bed (587), although in the vaso-
constricted (with serotonin) canine pulmonary circulation the vasodilator effect
of ATP predominates (781). Strips of human umbilical veins (858) are con-
tracted by ATP (6 X 105 to 6 X 10~* w/v, lower concentrations not tested).
The mechanism of the contractile effect of ATP is not known, but it is certainly
not due to intracellular penetration of this charged nucleotide. Alpha-adrenergic
blocking agents do not inhibit the vasoconstrictor effect of ATP on the rat renal
artery (440). Although ATP did not contract the depolarized rat renal artery
artery (440), Daniel and Irwin (212) found that the depolarized myometrium
was contracted by the nucleotide. It remains to be determined whether the
contractile responses of vascular smooth muscle to ATP are due to depolarization
alone. ATP also contracts some striated muscles (850). The hyperpolarizing
effects of cyclic-AMP and the potentiation of the hyperpolarizing action of iso-
proterenol by theophylline were discussed elsewhere (Section IX, I.).

The vasodilator and hypotensive effects of nucleotides on certain types of
vascular smooth muscle are not limited to ATP, but are also exerted by ADP,
AMP, cyclic 3’,5’-AMP, and adenosine (31, 322, I 200, I 202, 399, 934). Aden-
osine was found to have a vasoconstrictor and ATP a vasodilator effect on the
perfused dog kidney (399).

The mechanism of the vasodilator action of adenosine is not known. Relaxation
of canine vascular strips by adenosine is not inhibited by adrenergic blocking
agents (934), but AMP inhibits the relaxant effect of subsequently added ATP
on rabbit aortic strips (I 202). The activity of substituted adenosine derivatives
that are not readily phosphorylated, such as 5'-chloro-adenosine, suggests that
the adenosine structure itself is vasodilator (463). Cyeclic 3’,5-AMP also has a
vasodilator effect on certain vascular beds (399, 934). Uridine nucleotides may
dilate (UTP, UDP) or constrict (UMP) the canine coronary bed (399). Because
of the relative lack of structural specificity for the vasodilator action of nucleo-
tides, the vasodilator effect of externally added cyclic 3’,5’-AMP is not useful
in establishing whether this nucleotide is the beta-adrenergic vasodilator messen-
ger (see section IX I). Adenine nucleotides relax the K+-contractures of smooth
muscle and slow striated muscle (51, 850), and on taenia coli the pharmaco-
mechanical relaxant potency of adenine is greater than that of ATP (51). It
has been suggested, on the basis of studies of glycerinated gizzard myofibrils
(428), that intracellular accumulation of AMP and inorganic phosphate during
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anoxia may be sufficient to inhibit actomyosin ATPase and thus have a relaxant
effect. While this, as well as earlier (I 554) speculations regarding the existence
of contractile regulators in addition to Ca** deserve further exploration, their
applicability to normal vascular smooth muscle remains uncertain (see also
section XXII). Some parallelism between the vasodilator activity of certain
nucleotides and their ability to inhibit ADP-induced platelet-aggregation has
been noted (132). ADP itself is a vasodilator, however, and under special experi-
mental conditions n vivo both vasodilator and platelet-aggregating effects may
contribute to its depressor action (475). The vasodilator action of adenine nucle-
otides is not limited to mammals: both ATP (931) and AMP (799) are potent
depressors in the chicken.

Dipyridamole potentiates the vasodilator effects of adenine nucleotides in the
coronary and other vascular beds, and some of this effect is thought to be caused
by interference with adenosine catabolism (11, 95, 135, 399, 526, 538, 810).
Dipyridamole itself, however, is also a vasodilator (11, 399, 934), and its poten-
tiating action, as well as that of another vasodilator, lidoflazine (12), may involve
multiple mechanisms. The vasodilator action of dipyridamole on vascular strips
is not inhibited by adrenergic blocking agents (934). The effect of blocking agents
on the vasoconstrictor effect of dipyridamole on the canine renal circulation (399)
and portal vein (934) has not been explored.

A metabolic vasodilator function of adenosine released during exercise and
anoxia has been suggested. Berne (95) has persuasively argued the possibility
that adenosine functions as a coronary vasodilator. His laboratory (777) recently
demonstrated the appearance of adenosine in coronary venous effluent during
postanoxic hyperemia, and so considerably strengthened the case for a patho-
physiological function of this nucleotide. The possibility of a vasodilator function
of adenine nucleotides in skeletal muscle has been thoroughly reviewed by Haddy
and Scott (383), who considered this possibility unlikely because of the rapid
inactivation of adenosine to inosine. Dipyridamole did not potentiate hypoxic
vasodilation of canine hind-limb, as may have been expected if vasodilation was
due to adenine nucleotides (526). The authors properly cautioned, however,
that their findings may not be applicable to more severe hypoxia than produced
in their experiments. The recent demonstration of ATP release from exercising
frog nerve-skeletal muscle preparations (136), not accomplished in earlier studies
(383, 841), may reopen the question of an adenine-nucleotide-induced com-
ponent of vasodilation in skeletal muscle. Hughes and Vane (445) suggested that
the nonadrenergic neurogenic vasodilation (section XVIII) described by them
may have been mediated by ATP.

The vascular biochemistry of adenine nucleotides was discussed in the first
part of this review (Part I, section IV D; 29, 657).

XI1. STEROIDS

Steroid hormones, except in very high concentrations, have no direct effects
on the contractile properties of vascular smooth muscle, but can modulate the



VASCULAR SMOOTH MUSCLE. II. 293

effects of vasoactive agents. Chronic administration of steroids affects the mor-
phogenetic function (Part I, section I C) of vascular smooth muscle.

Adrenal steroids in wvitro (98, 120, 310, 435, 768) or applied in vivo either
topically to the microcirculation (17, 745) or systemically (87, 206, 348, 554, 706,
806-808) potentiate the activity of peptide and amine vasoconstrictors. The
potentiating activity of systemic glucocorticoid steroids on vasopressor responses
may not be demonstrable (554, 602) except after ganglionic blockade (807). In a
careful study of the effects of hydrocortisone on rabbit aortic strips, Besse and
Bass (98) found that this steroid (3 X 10~5 M) potentiated the contractile effect
of catecholamines in normal, cocaine-treated, or reserpinized preparations and
also potentiated the relaxant effect of isoproterenol. The authors suggested that
the steroid increased the affinity between catecholamines and vascular receptors.
This suggestion is consistent with the parallel displacement of epinephrine dose-
response curves by hydrocortisone, but other mechanisms, such as steroidal
effects on metabolism or extraneuronal binding of catecholamines, cannot be
ruled out. Steroidal inhibition of catechol-O-methyl transferase may be one of
these mechanisms (480), but it does not account for the potentiation of peptide
and noncatecholamine agonists.

High concentrations of corticosterone, progesterone, methyl testosterone,
estradiol, and other steroids have inhibitory effects on vascular and visceral
smooth muscle (408, 541, 555, 802). The specificity of these effects and their
dependence on a particular hormonal structure is doubtful. Schatzmann (802)
observed competitive inhibition by corticosterone of the oubain-induced con-
tractures of rat aorta.

Pregnancy tends to decrease the pressor response to angiotensin (187, 414),
and this effect, in rats, can be reproduced by exogenous progesterone (414).
Progesterone also inhibits the renal vascular effects of angiotensin in unanesthe-
tized women (188). The mechanism of the inhibitory action of pregnancy
and progesterone is not known, but may involve increased inactivation
of angiotensin (section I C). The cholinergic vasodilation of guinea pig
uterine arteries is accentuated during pregnancy (74). Estradiol increases venous
distensibility in women (363). Estrogens have also been reported to shorten
the prolonged vasoconstrictor effects of norepinephrine in ovariectomized dogs
(992). In hibernating male toads estrogens produce hypertension associated with
arteriolar thickening (820). The vascular interaction of steroids with neuro-
hypophyseal peptides has been discussed elsewhere (section I G).

Structural alterationsin blood vessels can be induced by steroids experimentally
or as the result of pregnancy (I 22, 209, 366, 561) and may also be reflected by
changes in chemical composition (177, 579, 580, 736). Since steroids used for
contraception also affect vascular architecture (209), the long-term effects of
their use in people deserve careful and continual evaluation. Several studies
of the effects of sex steroids on vascular chemistry and morphology, with particu-
lar reference to the relationship to atherogenesis, have been reviewed in Zem-
plényi’s recent monograph (984) and other parts of this review (Part I, sections
II C, III B, and IV B).
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XII. DIGITALIS GLYCOSIDES AND DIURETICS

Digitalis glycosides in relatively high concentrations produce contracture of
vascular strips and vasoconstriction of perfused vascular beds (145, 460, 555,
650, 802). The ouabain-induced contractures of the rabbit aorta require Cat+
in the bathing medium and are associated with increased Ca* uptake (145).
Depolarization of rabbit mesenteric veins by ouabain, observed by Matthews
and Sutter (I 402), is presumably due to inhibition of the Na-pump (355),
although an effect of ouabain on Na-permeability, as suggested by Casteels (175)
in a study of taenia coli, cannot be excluded. Corticosterone inhibits the ouabain
contracture of rat aortic strips and the antagonism is competitive (802). Lower
concentrations of cardiac glycosides, insufficient to produce contracture, poten-
tiate the magnitude and prolong the relaxation phase of rabbit carotid artery
contractions elicited by a.c. electrical stimulation (555). The response to a.c.
stimulation, however, includes a large indirect component secondary to the re-
lease of adrenergic neurotransmitter (section XVIII). Therefore, the potentiation
of electrically-induced contractions by cardiac glycosides could be due to
inhibition of catecholamine uptake, a direct effect on smooth muscle, or a com-
bination of both mechanisms. Bohr et al. (123a) found that ouabain also en-
hanced the (submaximal) responses of rabbit mesenteric artery strips to norep-
inephrine. Direct vasoconstrictor effects of high concentrations of cardiac
glycosides on human blood vessels #n situ have been described (352, 604).

Diuretics may influence the reactivity of blood vessels in vivo, but the present
discussion will be limited to their effect on isolated preparations. Hydrochloro-
thiazide has been reported to inhibit the response of rabbit aortic strips to
catecholamines and serotonin (201), but others reported negative results (214).
Neither has there been agreement regarding the effect of hydrochlorothiazide
on vascular sodium content in witro (337, 214). Hydrochlorothiazide is only
poorly soluble, and furthermore dimethylformamide used as a solvent increases
the inhibitory effect on the rabbit aorta (201). High concentrations of hydro-
chlorothiazide also inhibit intestinal smooth muscle (637).

Diazoxide, a nondiuretic benzothiadiazine, also has a nonspecific relaxant
effect on vascular smooth muscle (214, 775, 964). The canine peripheral vaso-
dilator effect of diazoxide is not abolished by befa-adrenergic blocking agents
(677). Acetazolamide dilates and, in higher concentrations, constricts the blood
vessels of the perfused canine hind limb and the frog preparation (713) and
also the vasculature of the cat iris (590).

Inhibition of phosphodiesterase is a property common to benzothiadiazines,
acetazolamide, and several other diuretics (646, 823), and may account for their
vasodilator activity. Methyl xanthines, perhaps the best known group of phos-
phodiesterase inhibitors, are also among the best known vasodilators (section
IX I). The critical information still lacking is whether phosphodiesterase inhibi-
tion per se is sufficient to cause relaxation of vascular smooth muscle and, if so,
whether the vasodilator action of benzothiadiazines is simply a consequence of
decreased cyclic AMP breakdown by phosphodiesterase.
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XIII. LOCAL AND GENERAL ANESTHETIC AGENTS
A. Procaine and ethyl alcohol

The general pharmacology of local anesthetics has been reviewed by Ritchie
and Greengard (755). For more recent work on nonvascular muscle the reports
of Bianchi and Bolton (108) and Feinstein et al. (287, 289) may be consulted.
There is considerable evidence that in a number of systems local anesthetics
interfere with transmembrane fluxes of ions including Cat+*, possibly competing
with the latter for membrane “stabilizing” sites.

The contractions of rabbit aortic strips induced by norepinephrine, histamine,
and acetylcholine (44) are relaxed by procaine and other local anesthetic agents
in concentrations of 1 to 3 mM (44, I 290, 676). It has been reported (I 290) that
procaine does not relax the K+-contracture of rabbit aortic strips, and this find-
ing has been used as supporting evidence for the suggestion that K+ and nor-
epinephrine mobilize qualitatively different pools of Ca*+ (I 290). In contrast,
we have found (859), under slightly different experimental conditions, that
procaine (0.5 to 5.0 mM) relaxed the K+-contractures of rabbit aortic strips.
Procaine (5.0 mM) shifts to the right the Ca*+ dose-response curves of depo-
larized rabbit aortic and portal-mesenteric vein strips by approximately one log
unit (851). Feinstein (287) also described a competitive interaction between the
effects of local anesthetics and extracellular calcium on the depolarized myo-
metrium. While our findings do not provide direct evidence against the existence
of separate K+- and norepinephrine-labile Ca** pools, they do negate argu-
ments (see also 859) based upon qualitatively differential effects of procaine on
the two types of contracture.

Lidocaine and tetracaine in low concentrations can, like cocaine (section IX
B), potentiate the responses of rabbit aortic strips to catecholamines (44, 676).

The indirect effect of local anesthetics on blood vessels is due to inhibition of
vasomotor nerves. Procaine blocks the vasoconstriction of rabbit ear arteries
evoked by periarterial nerve stimulation (78, 229), and cocaine (10~® w/v) has
a similar effect on rabbit mesenteric veins (445). The coronary vasodilation
elicited by procaine in dogs subjected to coronary artery ligation may also be
due to an action on nerves (848). It has been suggested that procaine also blocks
pressor responses to acetylcholine mediated via carotid chemoreceptors (6).
Procaine also inhibits the reflex vasodilation of canine muscular blood vessels
that follows intravenous injection of norepinephrine (251). In dog hind-limb
preparations procaine also has a direct vasodilator action (562).

Vasoconstriction elicited by procaine has been observed in the rabbit ear
artery (229). In the hind limb of spinal cats (791) when basal tone is high,
procaine produces vasodilation; when basal tone is low, procaine produces
vasoconstriction that is not blocked by phenoxybenzamine (791). Procaine also
has a dual effect on rabbit mesenteric veins: it relaxes the K+-contracture but
contracts vein strips in Krebs’ solution (792, 854).

Ethyl alcohol injected intra-arterially constricts the blood vessels of the human
forearm and this effect is not blocked by phenoxybenzamine; orally-ingested
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alcohol elicits a neurally-mediated vasodilation (296). This finding may suggest
to some the advantages of oral ingestion. The permeability changes induced, in
intestinal smooth muscle, by ethanol were studied by Hurwitz et al. (448), who
found them to be different from those produced by local anesthetics. There are
no comparable data available on vascular smooth muscle. Ethyl alcohol, used
also as a solvent for Dibenamine, contracts human placental vessels (192, 937).

The Catt-uptake of rat aortic strips is decreased by tetracaine in a concentra-
tion that also inhibits the contractures evoked by Cat+ and depolarizing con-
centrations of K+ (685). It was also reported in this study that certain
agents (indomethacin and desipramine) inhibit the contractures of rat aorta
without inhibiting Ca*t-influx. These findings may be compared with Fein-
stein’s (287) observation on the rat uterus that among several myometrial re-
laxants (tetracaine, caffeine, and epinephrine) only tetracaine also inhibited
transmembrane Cat+-fluxes (see also section XXII).

B. Halothane, cyclopropane, and other general anesthetic agents

Cyclopropane, thiopental, and chloroform contract rabbit aortic strips,
whereas the effect of halothane varies from contraction to relaxation (735).
The response to norepinephrine is depressed by halothane (735). Halothane
produces vasodilation and inhibits the vasoconstrictor action of norepinephrine
on the human limb (113) and on canine skeletal muscle vessels (202, 203). It is
probable that the peripheral vascular effects of halothane are due to a direct
action on smooth muscle (155a, 202, 273). The bronchodilator action of halothane
is inhibited by the beta-blocking agent MJ 1999 (513), but we have found no
analogous studies related to vascular smooth muscle. Cyclopropane enhances
the contractile effects of catecholamines, angiotensin, histamine, and serotonin
on the rabbit aorta (735). Cyclopropane also potentiates vasoconstriction of the
human forearm (621) and the rat microcirculation by catecholamines (53).
Intra-arterial thiopental has a vasoconstrictor effect on rabbit ear vessels that is
abolished after reserpinization, but potentiated by cocaine (156).

An indirect vasoconstrictor effect of halothane, mediated probably by the
release of vasopressin, and a direct effect of cyclopropane have been well doc-
umented in a study of the perfused gracilis muscle of the dog (202). In this
preparation cyclopropane produced vasoconstriction that was not abolished by
alpha-adrenergic blockade.

Diethyl ether and methoxyflurane, administered by inhalation, produce vaso-
dilation of the rat microcirculation (53) and dog hind limb (606). The decrease
in human forearm-flow caused by ether is thought to be due to the release of
catecholamines (622). The general circulatory effects of anesthetic agents have
been dealt within a monograph (734), and the effects of anesthesia on the electrical
activity of blood vessels have been discussed previously (Part I, section VI).

XIV. HALOALKYLAMINES, CHLORPROMAZINE, CINNARAZINE, AND MANGANESE

The property relating the diverse agents included in this section is their ability
to depress the contractures evoked by Catt and depolarizing concentrations of
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K+ and the contractile responses to drugs of vascular smooth muscles. There is
a strong resemblance between the action of these muscle depressants and local
anesthetics. Judging from the mainly indirect evidence available on vascular
smooth muscle, and by analogy from more direct observations in other tissues,
the smooth muscle depressants to be discussed seem to inhibit the transmem-
brane influx of calcium. The chemistry of haloalkylamines has been reviewed
recently (343).

The depressant effect of very high concentrations (1.1 X 1075 w/v) of phe-
noxybenzamine on the K+ -contractures of rabbit aortic strips first indicated
that haloalkylamines can affect vascular smooth muscle in a manner that is not
directly related to their action as alpha-blocking agents (104). A less pronounced
inhibition of the contractile effect of angiotensin has also been observed (104);
the inability of other workers (831) to demonstrate this antagonism could have
been due to differences in experimental conditions (e.g., pH 7.0). It has been
reported that high concentrations of Dibenamine (107¢ M) and phenoxybenza-
mine (10™¢ M) inhibit the stimulated Ca% influx into rabbit aorta (831) and
guinea pig taenia coli (832). The observation reported, that the blocking agents
inhibited the contractions of taenia coli but not the increased Ca* uptake stimu-
lated by angiotensin (832), is difficult to reconcile with the assumption that the
Ca* influx measured reflects intracellular free calcium ions. The measurements of
total tissue calcium content in 12.0 mM Cat+ solution (832) may reflect pri-
marily the high calcium content of extracellular fluid and these data, as pre-
sented, do not indicate drug effects. Nevertheless, in view of the extensive in-
direct evidence, interference by haloalkylamines with transmembrane calcium
fluxes is a plausible mechanism of their inhibitory action.

Dibenamine in considerably lower concentrations (1.5 to 3.0 X 10~¢ w/v)
also inhibits the contractures elicited by Catt and depolarizing concentrations
of K* in normal and reserpinized vascular smooth muscle (850, 859; see also
Part I, sections VI C and F). The rabbit mesenteric vein is more sensitive to this
effect of Dibenamine than the main pulmonary artery, and this difference has
been related to the different electrophysiological properties (859). The depressant
effect of chlorpromazine and of cinnarazine varies inversely with vessel diameter
in rabbit mesenteric arteries (357). Lidoflazine, chlorpromazine, and cinnarazine,
at a given concentration, also have a more pronounced effect on the canine
mesenteric than on the pulmonary artery (I 216a). We have suggested that there
is a correlation among the electrical properties of the vascular smooth muscle
membrane, its (time-dependent) permeability to Cat+ in the depolarized state,
and its sensitivity to agents that depress the transmembrane flux of calcium
(Part I, section VI C and H; 850, 859). The indirect studies cited bear out these
suggestions, but the confirmatory evidence of more direct experiments will be
required before they can be accepted. A determination of the effect of haloalkyla-
mines on the Cat+-spikes of Balanus nubilis (388) would be of interest.

Other properties of haloalkylamines that may affect certain experimental
parameters include the irreversible inhibition of acetyl-cholinesterase (69) and
the inactivation of vasopressin (386). Both of these actions were observed in the
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absence of intact tissues in vitro and the concentrations used for inactivation of
vasopressin were extremely high. In general these activities are due to the ethyl-
eniminium ion of Dibenamine (69, 386). Euler and Lishajko (280) found that in
adrenergic nerve granules haloalkylamine alpha-blockers and also local anesthetic
beta-blockers inhibited the release and uptake of norepinephrine. Phenoxybenz-
amine has also been employed to block catecholamine uptake in intact neuro-
vascular preparations (101).

Manganese (0.3 to 3.0 mM) inhibits the contractile responses of vascular
smooth muscle to several agonists, and this inhibition is antagonized by elevation
of extracellular calcium (874, 876). Hagiwara and Nakajima (388) found that
manganese inhibited the Ca*+-spikes of barnacles and concluded that a decrease
in Cat*-conductance is produced by Mn. The Cat+-channels of this invertebrate,
however, were not blocked by procaine (388) and so differed in this respect from
those of mammalian smooth muscle (289). Furthermore, the action potentials
of the taenia coli generated in Ca*+-free solution and probably carried by sodium
are also abolished by manganese (362). Therefore, the general applicability to
mammalian smooth muscle of the evidence regarding the mechanism of Mn
action on the barnacle is open to question. Lanthanum inhibits transmembrane
Cat+-fluxes in several systems and depresses the contractile responses of rabbit
aortic strips (913a).

The interaction of Mn with neurohypophyseal peptides has been discussed
elsewhere (section II B).

XV. TETRODOTOXIN AND BACTERIAL TOXINS

The pharmacology of tetrodotoxin has been reviewed by Kao (I 317). The
toxin, obtained from the puffer fish, is an extremely potent neurotoxin that
abolishes spike electrogenesis in a number of biological systems. Although tetro-
dotoxin is generally more effective in abolishing Na-spikes than spikes due to
other ion-currents, its action is not ion-selective nor universal, but is directed
towards a given membrane channel through which several ions may travel (671).
Keatinge (I 326), for example, found that the Na-spikes of sheep carotid arteries
were not blocked by tetrodotoxin. Therefore, resistance to tetrodotoxin should
not be accepted as sole evidence against Na being the charge carrier in a given
system (I 317). In any event, the great variability of action potentials in different
vascular smooth muscles and the possibility of early inward currents being
carried by several ions (Part I, section VI; 859) suggests that there is not a
unique carrier of these spikes.

The indirect vascular effect of tetrodotoxin is vasodilation secondary to re-
moval of neurally-controlled vasomotor tone. This effect has been shown in dog
and cat hind-limb (288, I 317, 486, 562), perfused rabbit ear (187), mesenteric
vein (445), and pulmonary artery nerve-muscle preparation (874). This indirect,
axonal-blocking action of tetrodotoxin resembles some effects of local anesthetic
agents (section XIII A), and probably accounts for the major part of its hypo-
tensive effect in intact animals.

Evidence has been presented recently (562) for a direct vasodilator effect of
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tetrodotoxin on the canine hind-limb preparation. The vasodilator effect per-
sisted after denervation, reserpinization, beta-adrenergic blockade, and atropine.
In feline hind-limb, however, tetrodotoxin had no direct effect (288). It would
be of interest to know whether the direct effect of tetrodotoxin in the dog is due
to inhibition of myogenic spike electrogenesis in resistance vessels. The vaso-
constrictor effect of norepinephrine is not inhibited (288, 874) nor are the spon-
taneous contractions of bovine facial arteries abolished by tetrodotoxin (388).

Endotoxin (Escherichia coli) does not contract rabbit aortic strips but po-
tentiates the contractile effect of serotonin (948). Staphylococcal a-toxin elicits
a slow, irreversible contracture in rabbit aortic strips (971). In rabbit vena cava
the contracture is followed by relaxation, at which time the vessel no longer
responds to epinephrine (891). The vascular effects of systemic injections of
endotoxin and enterotoxin are influenced by the release of endogenous vasoactive
substances (925) that are outside the scope of this review. Anaphylatoxin pro-
duces pulmonary vasoconstriction in cats and this effect is not abolished by
adrenergic or cholinergic blocking agents (118).

XVI. MISCELLANEOUS VASOACTIVE AGENTS

A. Fluorides, iron, salicylates, intermediate metabolites,
nitrite, substance P, and parathormone

Fluorides, in particular SnF,, produce acute vasodilation in dog hind-leg
preparations (109). Sodium salicylate is also a vasodilator and, when used as a
solvent, contributes to the reported coronary vasodilator action of Khellin
preparations (809, 908). Succinate, other Krebs intermediate metabolites, and
acetate dilate the dog fore-limb vasculature (323).

The reported selective celiac vasodilator effect of purified parathormone
preparations may indicate vascular activity of the hormone itself, but the possi-
bility of contamination with a vasodilator peptide cannot be ruled out (183, 184).
Substance P, a polypeptide isolated from brain and gut, is a potent systemic and
pulmonary vasodilator (610). Pancreatic secretogogues (e.g., pancreozymin, secre-
tin) also increase pancreatic blood flow (250).

Ferric ion and ferritin dilate perfused canine mesenteric vessels (190). Sodium
nitrite, although generally a vasodilator, produces vasoconstriction in the per-
fused canine hepatic bed (342) but the possibility of an indirect mechanism of
action remains to be explored.

B. Cadmium, mercury, and lead

Cadmium (1.6 X 10~5 M) constricts the perfused vessels of the rat hind-leg
(722) but does not contract rabbit aortic strips (723). The contractile responses
of rabbit aortic strips to mercury and to epinephrine are antagonized by cad-
mium (10~* M) whereas the effect of angiotensin is less inhibited (723). Cadmium
also induces pathologic changes in testicular and placental vessels, but these
may be due to endothelial damage and specific involvement of smooth muscle
has not been demonstrated (377, 710).

Lead-cysteamine (10~* M) contracts rabbit aortic strips (374).
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XVII. HYDROGEN AND OXYGEN

There is an extensive body of work dealing with local Po, and pH as possible
mediators of circulatory control mechanisms. Some of these studies have been
reviewed by others recently (383, I 410), and therefore we shall limit our review
of this field to a few illustrative examples. The specialized questions of the influ-
ence of pH and Po, on the ductus arteriosus and the pulmonary vasculature
will be treated in separate sections. The effect of pH on the solubility and
ATPase activity of contractile proteins has been discussed earlier (Part I, section
IV A). More recently Murphy (656a) observed, in a carefully controlled study
of the pH dependence of vascular actomyosin, optimum ATPase activity at
pH 5.2 and a second, small peak at pH 7.5. The activity of the isolated enzyme
is relatively constant between pH 6 and pH 7 (656a). In reference to the following
discussion on pH it should be borne in mind that, judging from evidence obtained
in other tissues, alterations of extracellular Pco, produce much greater changes
in intracellular pH than those produced by a comparable change in extracellular
pH with bicarbonate or hydrochloric acid (929a).

A. pH.

An increase in hydrogen ion concentration has a dual, indirect and direct,
effect on the circulation of man, intact animals, and perfused organs. The indirect
effect is an adrenergically (medullary and neurogenic) mediated vasoconstriction
(160, 383, 525, 563, 952) and the direct effect is vasodilation (160, 218, 299, 383,
525, 526, 563, 630). Beta-adrenergic blocking agents do not inhibit the vasodilator
response to hypercapnic acidosis (525, 952). The vasodilator effect of CO, on
the nerve-free human umbilical vessels (704) also indicates that this effect is not
neurally mediated. The cerebral vasodilator effects of CO, have been emphasized
and employed clinically (284). Recently, however, it has been reported that
intracerebral vessels are constricted by hypercapnia and the dilator response
involves predominantly the pial blood vessels (633), and therefore the effect of
increased total cerebral blood flow elicited by CO, on cerebral oxygenation may
have to be reevaluated. Hypocapnia increases the vascular resistance of the limb
in dogs, but this effect is detectable only after phenoxybenzamine treatment and
is opposite to that observed in man (524).

Isolated femoral artery segments of dogs are dilated when the ambient pH is
lowered with CO, or other acids from pH 7.4 to 7.1, but similar vasodilation is
also elicited by mild (pH 7.5 to 7.68) increase in pH (168). CO; also relaxes bovine
coronary artery strips (695), and canine mesenteric arteries (766). More marked
increases in hydrogen ion concentration (pH 2 to pH 5) produce contractures
in mammalian (I 555) and in amphibian (505) vascular smooth muscle.

The vasoconstrictor response to exogenous catecholamines is decreased by
acidosis (e.g., pH 7.2) and increased by alkalosis (160, 464, 630, 674, 766). De-
pression of norepinephrine-induced contractions by acidosis in vitro could be
demonstrated in rat (896) but not in rabbit (962) aortic strips. Electrically
stimulated contractions of canine veins are also inhibited by acidosis (917, 918).
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In view of the stimulus parameters used in the latter studies, we would suspect
that catecholamine release was the major mechanism mediating the contractions
elicited by electrical stimulation and being modulated by pH. Acidosis decreases
the neurogenic vasoconstriction of canine mesenteric arteries (766) and pul-
monary arteries (this section D). Therefore, it is somewhat surprising that reflex
sympathetic (160) and tyramine-induced vasoconstriction (161) are reportedly
not inhibited by acidosis. The vasoconstrictor effect of angiotensin in cats is also
inhibited by acidosis (160). A decrease in pH also inhibits the activation of
striated muscle and hepatic phosphorylase by epinephrine (750), the responses
of intestinal smooth muscle to several spasmogenic agents (392, 447, 762), and
in general the metabolic effects of catecholamines (758). Acidosis may play a
role in the reduction of the vasoconstrictor effect of norepinephrine by tetaniza-
tion of skeletal muscle (464). There is some evidence that, as least in intestinal
smooth muscle, the pH-dependence of histamine action is partly due to the effect
of hydrogen ion on histaminase (762).

In reserpine-treated cats hypercapnia potentiates the vasoconstrictor effect
of norepinephrine on the hind-limb (675). In view of the ion-dependence of
catecholamine storage mechanisms (section IX H) an indirect effect of hydrogen
ions on these systems may participate in the alterations of vascular sensitivity
to catecholamines.

The effects of pH on the membrane properties of vascular smooth muscle re-
main to be explored. In other systems marked lowering of pH affects predomi-
nantly the Cl-permeability of the membrane, but the direction of change varies
among different species (for review see 387).

The multiphasic changes in pH that are associated with vascular smooth
muscle contraction have been followed with the glass electrode and are quali-
tatively similar to those of skeletal muscle (540). A particularly large, late com-
ponent of acidification elicited during K+-contractures is due to glycogenolysis
and can be dissociated from the contraction with monoiodoacetate (540).

B. Ozygen: general effects

Oxidative metabolism and its relationships to glycolysis and phosphorylation
have been considered in Part I of this review (Part I, sections IV B to D).
Methods of calculating O, diffusion in tissues have been summarized by Forster
(307). We shall concern ourselves here with the effects of alterations of Po, on
vascular function and responses to drugs.

Anoxia usually produces, in addition to the indirect effects of sympathetic
discharge, local vasodilation in mammalian systemic blood vessels (95, 179, 220,
383, I 410). The indirect, alpha-adrenergic effect of systemic hypoxia may oppose
the local vasodilator effect (179). An indirect beta-adrenergic effect, such as that
observed in the canine coronary bed (303) may contribute to anoxic vasodilation.
The local vasodilator effect of anoxia on systemic blood vessels of intact animals
and perfused extremities may be mediated by local metabolites rather than by
the direct action of Po, on vascular smooth muscle (95, 383, I 410; section X).

Large decreases in Po, generally produce a modest fall in the resting tone of
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isolated systemic vascular smooth muscle preparations (171, 764). Oxygenation
of the anoxic perfused rabbit ear and the cat and rat aorta leads to considerable
vasoconstriction (845). The ductus arteriosus (this section C) and umbilical
and placental vessels (704) are particularly sensitive to the vasoconstrictor
effects of oxygen.

Sudden oxygenation of anoxic rabbit aortic strips preconstricted with 20 mM
K+ or drugs produces relaxation or a diphasic response (375). A rise in tempera-
ture from 30°C to 37°C abolished the contractile, but not the relaxant, effect of
oxygen. At the concentrations of inhibitors tested, cyanide blocked preferentially
the relaxation and dinitrophenol the contraction. Phenoxybenzamine and
atropine did not influence the effects of O..

Acute anoxia may lead to modest decrease of the contractile response to drugs,
but the majority of studies agree that glycolysis can support contraction for
several hours (I 125, I 200-202, 507, I 375, 830; Part I, sections IV B to D). The
response of anoxic strips of rabbit aorta (supported by glucose in the medium)
is significantly depressed when epinephrine (238, I 201, 830) but not when K+
is the stimulating agent (830). The rapid (4 min) relaxation by anoxia of aortic
strips partially contracted with epinephrine (1.0 to 3.0 X 10~° w/v) and the
recovery of the response to epinephrine after prolonged anoxia are interesting
recent findings (238, 239). We cannot fully agree with the authors’ conclusion
that the rapid anoxic vasodilation is due to depletion of high-energy substrates.
The large energy reserves and glycolytic potential (but c.f. 238) of vascular
smooth muscle relative to the metabolic cost of maintaining contraction (Part I,
sections VI B to D) are difficult to reconcile with the proposition that a few
minutes of anoxic exposure can deplete ATP below the levels required for main-
taining a considerably less than maximal contraction. The vasodilator effect
of catecholamines observed after prolonged hypoxia, in glucose-containing media,
is blocked by dichloroisoproterenol (446). It would be of interest to determine
whether the immediate effect of anoxia on epinephrine-induced contractions is
also influenced by beta-blockers. We have discussed previously (Part I, section
IV C, p. 224) the longer persistence of the response to potassium and to histamine,
than to epinephrine (I 370, I 373), during severe substrate-depletion (anoxic,
glucose-free) of bovine mesenteric arteries.

The extent of glycolytic energy utilization during anaerobiosis may be in-
fluenced by the choice of buffersused. In cardiac muscleglucosesupports metabolic
needs (ATP levels, contractility, and membrane potential) more readily when
bicarbonate, rather than phosphate, is used to buffer the medium (516).

Vasodilation of perfused skeletal muscle by modest increases (from 3 to 8 mM)
of potassium (see also Part I, section VI A) is accentuated when hyperkalemia
is combined with anoxia (842). As indicated earlier, it is also possible that in
experiments with whole, perfused extremities, anoxic vasodilation itself is in-
directly mediated.

Haugaard (404) recently reviewed the general problem of oxygen toxicity and
its vascular effects. Most prominent among the latter is retinal artery constriction
leading to retrolental fibroplasia (788) and the cerebral vasoconstrictor effect of
hyperbaric oxygen (462).
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Chronic hypoxia enhances the development of atherosclerosis in cholesterol-fed
rabbits (510).

C. Ductus arteriosus: responses to oxygen and neurotransmitters

Selective vasoconstriction induced by the postnatal rise in Py, has been con-
sidered by a number of workers to be the physiologic mechanism of closure of
the ductus arteriosus. Born et al. (131) described the constrictor effect of O, on
the ductus of lambs n situ, and found that the sensitivity of the vessel to O,
disappeared after a few hours’ postnatal closure. The same authors also noted
an asphyxial constriction of the ductus, and attributed it to circulating cate-
cholamines, but others (846) considered it to be due to the hemodynamic effects
of asphyxia.

Observations on the ductus arteriosus in vitro confirmed the constrictor effect
of oxygen. Kovaléfk (531) found that the ductus of lambs and guinea pigs was
contracted by oxygen and relaxed by carbon dioxide. The responsiveness to O.
persisted for about 5 hr, required calcium, and was not blocked by Dibenamine,
atropine, or antihistamines. In glucose-free media O, did not produce vasocon-
striction; dinitrophenol (reversibly) and iodoacetate (irreversibly) also abolished
the response to oxygen. NaCN (1 to 20 mM) merely slowed but did not abolish
O,-stimulated ductal constriction, although it decreased O, consumption below
measurable levels. Chlorpromazine (0.1 mM) blocked the effect of O, and Koval-
¢k (531) suggested that the constrictor effect involved a flavoprotein enzyme
that was not inhibited by cyanide.

Species-specific variations in the sensitivity of the ductus and adjacent vessels
to O, have been reported by Gillman and Burton (347). Piglets were more sen-
sitive to O, than kittens and rabbits. A surprising finding of this study was the
absence of the vasoconstrictor effect of O, on the ductus of dogs. Although ductal
smooth muscle in certain mammals is constricted by catecholamines and acetyl-
choline (131, 347, 531, 846), the ductus of chickens is insensitive to these agents
(395). If O, is the major agent responsible for closure of the ductus in most
mammals including man (655) and in birds, then the insensitivity of canine
ductus (347), if verified #n situ, would represent a drastic evolutionary departure.
The sensitivity of the preductal region of the aorta to O,-induced vasocon-
striction also varies among different species and has been suggested to play a
role in preductal coarctation of the aorta (347).

D. Pulmonary vascular effects of changes in pH and P,

The extraordinary interest of physiologists in the responses of the pulmonary
circulation to hypoxia and acidosis is attested to by a voluminous literature of
the subject. Comprehensive reviews of the earlier literature have been presented
by Aviado (50) and Fishman (298). The present review will be concerned with
local effects of pH and Po, on pulmonary blood vessels, and relies primarily on
studies of isolated lungs and vascular strips. It is recognized that, in the intact
animal, anoxia may also produce reflex pulmonary vasoconstriction via chemo-
receptor stimulation (50, 207a). The neurogenic component of the asphyxial
response of lambs increases with maturation (162). In considering the mechanism
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of hypoxic pulmonary vasoconstriction the reader should also bear in mind that
the responsiveness of pulmonary vessels to hypoxia is species-dependent and
varies with experimental conditions (see below). Although attempts to find a
unitary mechanism of hypoxic pulmonary vasoconstriction are laudable, a
multifactorial mechanism (59) appears more likely.

Recognition of certain experimental variables that influence the sensitivity
of isolated lung lobes to hypoxia explains some of the difficulties encountered
by earlier workers in obtaining reproducible results. Lloyd (365, 571, 573) found
that the response of isolated canine lung lobes to hypoxia (5.8% O,) initially
increased with time, but disappeared after about 1 hr of perfusion, although
drugs at this time still continued to elicit pulmonary vasoconstriction. Daly
et al. (208) found that high temperatures (38 to 39°C) accentuated the pulmonary
pressor response to hypoxia. Cooling to 26°C eliminates the hypoxic response of
canine lungs, but interestingly, storage at low temperatures (25 to 30°C) pro-
longs the postexcision interval during which the preparation remains sensitive
to hypoxic vasoconstriction (573). The reactivity of perfused rat lungs is similarly
influenced by perfusion time and temperature (405).

Acidosis markedly potentiates, and alkalosis inhibits or abolishes the pul-
monary pressor response to hypoxia (365, 397, 572, 782, 836, 926). The poten-
tiation of hypoxia by acidosis can be produced either by intra-arterial lactic and
hydrochloric acid or by hypercapnic respiration (397, 572, 782, 836). The effec-
tiveness of intra-arterial acidosis suggests that vascular smooth muscle, rather
than perivascular tissue, is the site of hydrogen ion interaction with hypoxia.

Acidosis can elicit pulmonary vasoconstriction even in the presence of normal
(20 %) or elevated concentrations of O, in the ventilating mixture (58, 90, 449,
926). A formula predicting the interaction between pH and Py, on pulmonary
artery pressure has been derived by Gomez (cited in 397). The initial response
of isolated pulmonary artery strips to CO, is a slight relaxation (I 555, 575).
Since this preparation has minimal resting tone, the possibility cannot be ex-
cluded that CO, would have a more pronounced dilator effect on preconstricted
strips. Prolonged exposure to 100 % CO. and the attendant marked (pH < 6.0)
acidosis (I 555) leads to constriction of pulmonary artery strips (I 555) and
perfused intrapulmonary blood vessels (787).

The major site of hypoxic vasoconstriction appears to be the arterial (pre-
capillary) section of the pulmonary circulation (90, 490, 571, 653, I 513, but
cf. 96).

The local mechanism of hypoxic pulmonary hypertension has been subject
to considerable debate (for reviews see 50, 298, 405). The two major possibilities
considered have been: first, an indirect action mediated through hypoxic release
of a local vasoconstrictor metabolite, and second, a direct vasoconstrictor action
of hypoxia on pulmonary vascular smooth muscle.

The greater pulmonary vasoconstrictor activity of alveolar, as contrasted
with arterial, hypoxia (Po, < 60 mM Hg) (90, 571) and the inability to elicit
hypoxic contraction in pulmonary vascular strips free of lung parenchyma (575)
are the major findings favoring an indirect mechanism of hypoxic pulmonary
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vasoconstriction. Catecholamines and, more recently, histamine have been
suggested as possible mediators of indirect vasoconstriction. These suggestions
generally derive their support from studies with blocking and amine-depleting
agents.

Alpha-adrenergic blocking agents in low concentrations generally do not
abolish, although they may blunt, hypoxic pulmonary vasoconstriction in dogs
(208, 571, 573, 892), cats (59, 260), rats (405), or calves (835). In higher con-
centrations alpha-adrenergic blocking agents can inhibit hypoxic vasoconstriction
in cats (59) and fetal lambs (174). The blocking effect may be due to a nonspecific
depressant action of Dibenamine (163; section XIV) or to an opposing, beta-
adrenergic vasodilator action of circulating catecholamines unmasked by the
alpha-adrenergic blocking agent in recirculated preparations (573). The latter
possibility is also supported by the potentiation of hypoxic vasoconstriction by
propranolol (59, 892). Other arguments raised by Lloyd (573) against adrenergic
mediation of the local vasoconstrictor action of hypoxia were the dissociation of
neurogenic from hypoxic vasoconstriction by nerve block, alkalosis, and pro-
found hypoxia. Acute asphyxia also elicits pulmonary vasoconstriction in chick-
ens (159) although only the large (855) but not the small (853) pulmonary
arteries of this species are constricted by norepinephrine.

Antihistamines inhibit and histaminase inhibitors potentiate the hypoxic
pulmonary pressor response of rats, and this response can also be eliminated
n vitro, but not in vivo, by the histamine-depleting agent 48/80 (405). According
to a preliminary note by Duke (261), the hypoxic pressor response of feline lungs
is not affected by an antihistamine or a histaminase inhibitor. It should also be
noted that the nonspecific activity of antihistamines (section VIII), the relatively
low sensitivity of rat pulmonary vasculature to histamines, and the lack of
effect of 48/80 administered in vivo (405) preclude a definitive conclusion of
histaminergic mediation of hypoxic pulmonary vasoconstriction in the rat.

Favoring the indirect mechanism of hypoxic vasoconstriction is the recent
observation (576) that when the periarterial tissue is not removed from rabbit
pulmonary artery strips the combined parenchymal-arterial preparation is
contracted by hypoxia. These observations were made in the presence of pro-
caine, an agent that potentiates the hypoxic pressor response of perfused canine
lungs (574). It would be of interest to determine whether parenchymal-pul-
monary artery strips of other species that are more sensitive to the pulmonary
pressor effects of hypoxia behave like those of rabbits, a species considered (405)
rather insensitive to this stimulus. The pulmonary circulation of calves is par-
ticularly sensitive to hypoxia (539, 836).

A direct mechanism of action of hypoxia on the pulmonary circulation is
supported primarily by a single study ¢n vitro (91). In this work the gain in Na
and loss of K+ were followed in pulmonary and systemic vascular smooth muscle,
skeletal muscle, and visceral muscle. The authors interpreted their findings to
indicate selective Na gain and K+ loss from pulmonary arterial preparations, but
not from others, and calculated that the resultant fall in K+ equilibrium potential
(Ex) would produce sufficient depolarization to contract pulmonary vascular
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smooth muscle. We have reservations about accepting the conclusions of this
work for the following reasons. The arterial preparations were stripped of ad-
ventitia, a procedure known to affect vascular electrolyte content (Part I, section
VI A). The extent of adventitial stripping would vary in different preparations
and hence may account for the variations reported. The hypoxic experiments
were conducted after 90 min of incubation in salt solution, a time interval during
which the hypoxic pressor response of perfused lung lobes is lost (see above). No
temporal correlation was established between K+ loss, measured after half hour
incubation in hypoxic media, and the rapid onset of hypoxic pulmonary vaso-
constrictor response; furthermore, as indicated earlier, pulmonary arterial strips
of the size used in this study do not contract when hypoxic. The selective effect
of hypoxia on pulmonary, but not on systemic, vascular smooth muscle is not
fully substantiated by the data presented (table I in 91) that indicate the trend,
common to many aerobic tissues, of K+ loss and Na gain in hypoxic systemic
arteries. The calculation of Ex by these authors (fig. 6 in 91) appears to be based
on total tissue potassium, rather than intracellular potassium, and so leads to
erroneous values. The ability of high K+ to increase the hypoxic pulmonary
pressor response cannot be accepted as evidence of a direct action of hypoxia
on pulmonary vascular smooth muscle. Hyperkalemia also potentiates the
contractile response of vascular smooth muscle, including pulmonary vascular
smooth muscle (416, 575), to a number of exogenous vasoconstrictors, and thus
it could also be expected to potentiate an endogenous substance released by
hypoxia. In summary, we conclude that a direct pulmonary vasoconstrictor
effect of hypoxia, if it exists, remains to be demonstrated.

Chroniec hypoxia produces pulmonary hypertension in mammals (659, 944,
960) and birds (159). Alpha-methyl dopa inhibits the pulmonary vascular
hypertrophic response to hypoxia in mice (659). Very severe hypoxia (anoxia)
leads to pulmonary vasodilation (571).

Hyperbaric (910) and isobaric (204) hyperoxygenation produce pulmonary
vasoconstriction. Recirculation of blood through the body prevents the pul-
monary pressor response of dogs to oxygen (204).

XVII. ELECTRICAL STIMULATION: DIRECT AND INDIRECT EFFECTS

It has been pointed out by Furchgott (I 200) that the response of vascular
strips to electrical stimulation may consist of two components: one due to a
direct effect on smooth muscle, the other to catecholamines released from vascu-
lar stores. We shall limit the following discussion mainly to experiments involving
mass-stimulation of entire vascular segments, thus excluding several interesting
studies of vascular nerve-muscle preparations and of perfused vascular beds
stimulated via their innervation.

Indirect stimulation of vascular segments is particularly favored by relatively
low voltage repetitive pulses of short duration (usually 0.5 to 2.0 msec) (228,
445, 631, 712, 875, 919, 921). The adrenergic mediation of this type of electrical
stimulus is indicated by elimination of the vasoconstrictor response by alpha-
adrenergic blocking agents (228, 445, 919), reserpinization (445, 919), guane-
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thidine or bretylium (228, 445, 631, 712, 919), local anesthetics, or tetrodotoxin
(445, 712). Veratrine potentiates the effects of indirect stimulation, presumably
by inducing repetitive firing of the stimulated adrenergic nerves (445). Su and
Bevan (875) found, during field-stimulation, an increased radioisotope efflux
from rabbit main pulmonary arteries loaded with H*-norepinephrine, and De La
Lande et al. (228) demonstrated small amounts of a biologically active (gut-
relaxant) compound released from stimulated rabbit ear arteries. The response
to indirect stimulation with short pulses is frequency-dependent (445, 631, 712,
919, 921), resembling in this as in other respects the effects of stimulating the
isolated adrenergic nerves (e.g., 100, 564, 894, I 410). In spontaneously rhythmic
vascular beds the excitability to indirect stimulation varies with the period of
spontaneous rhythm (821). The Cat*+-dependence of indirect stimulation (920)
may be due to both the Ca*+-requirements of adrenergic release mechanisms
(section IX A) and those of vascular smooth muscle (Part I, section VI C).

A relaxation of rabbit portal veins by low frequency (15 to 30/min) transmural
stimulation with pulses of 0.5 to 1 msec duration has been observed by Hughes
and Vane (445). This effect appeared to be due to neurogenic inhibition by a
nonadrenergic transmitter, since it was abolished by local anesthetics and by
tetrodotoxin, but not by adrenergic-neurone blocking agents or beta-blockers.
Veratrine potentiated the electrically evoked relaxation. Anticholinergic, anti-
histamine, or serotonin blocking agents did not inhibit the relaxant effect. The
authors discussed the possibility of a relationship between their observation
and the nonadrenergic intestinal inhibitory innervation reported by several
groups (for references see 445), and suggested adenine nucleotides as the possible
inhibitory transmitters.

Sinusoidal stimulation of innervated vascular strips at 60 Hz elicits a contrac-
tion with a considerable indirect component that can be eliminated by reser-
pinization or alpha-adrenergic blocking agents (979, I 200). A delayed con-
tractile component, has also been noted (I 551) in electrically-stimulated nerve-
free human umbilical vessels. The mechanisms responsible for the late com-
ponent of electrically-stimulated contractions are clearly different in the rabbit
aorta and in the human umbilical vessels.

The effectiveness of sinusoidal field stimulation varies with the frequency and
the strength of stimulation (852, I 551, I 557). The relative proportion of the
indirect, neurally-mediated component varies with frequency and is rather large
with the commonly employed 60 Hz stimuli (fig. 2 in 852). Stimulation with
short pulses, discussed earlier, is also particularly effective at frequencies above
1/sec and readily blocked by phentolamine, whereas lower frequency stimuli
seem less readily inhibited by alpha-blockade (fig. 5 in 919). The frequency-depend-
ence of vascular smooth muscle response to electrical stimulation is not limited
to the neurally-mediated effects, but is also observed with nerve-free umbilical
vessels (I 557). The fall-off in contractile response at high (1000 Hz) frequencies
(I 551, I 557) is probably due to capacitative shunting of transmembrane cur-
rent and consequently smaller changes in membrane potential, in the manner
directly demonstrated by Abe and Tomita (5) in taenia coli. The relatively high
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frequency (100 to 500 Hz) required for optimal stimulation of umbilical vessels
remains to be explained.

Direct current (d.c.) stimulation of vascular smooth muscle elicits contractions
that increase gradually with stimulus strength (I 557). The maintained con-
traction elicited in rabbit main pulmonary arteries by strong d.c. stimuli (I 556,
1 557) resembling the catch mechanism of molluses (I 250, I 252, 783) has been
discussed previously (Part I, sections IV A and VI H) We have also indicated
that, for a given current strength, pulses of duration sufficient to stimulate spike-
generating smooth muscle may be shorter than for gradedly-responsive vascular
smooth muscle (Part I, section VI F).

Intracellular stimulation of rabbit main pulmonary arteries, with depolarizing
currents delivered through the recording microelectrodes, did not elicit action
potentials from these fibers (859). Although these findings tend to support the
view that this type of vascular smooth muscle usually does not generate action
potentials, intracellular depolarization is a notoriously unsatisfactory method to
evoke action potentials even from fibers known to generate spikes when stimu-
lated extracellularly (e.g., 77). We have on one occasion unsuccessfully stimulated,
with intracellular current, a rabbit coronary vein, only to record subsequently a
burst of spontaneous spike activity from the same fiber. On the other hand, intra-
cellular hyperpolarizing currents injected during spontaneous spike electrogenesis
(guinea pig mesenteric vein) characteristically increase the action potential
amplitude and rate of depolarization (859).

XIX. TEMPERATURE AND LIGHT

Changes in temperature can directly affect the contractile state of vascular
smooth muscle and can also modify its responsiveness to vasoactive agents. The
reflex effects of distal, as opposed to local, warming are outside the scope of this
review.

Acute reduction of the temperature from 37°C generally results in vasocon-
striction (301, 354, 381, 499, 766, 941) followed in intact animals and man by a
cold vasodilation (301). Cold vasoconstriction n situ can be diminished by
phentolamine (381, 499) and by acute sympathectomy (381, 941). In contrast
to the contractile effect of cold on resting vascular smooth muscle, arterial strips
contracted by epinephrine at 37°C are slightly relaxed after sudden cooling to
6.5°C (494). Spontaneously active bovine mesenteric veins are relaxed and the
respective arteries contracted when cooled from 36°C to 25°C (765).

The vasoconstrictor response to drugs varies with ambient temperature.
Among different types of blood vessels there are considerable variations of the
temperature at which the contractile response is maximal, and of the lower limit
of cooling below which vascular smooth muscle no longer responds to drugs.
Superficial vessels normally exposed to environmental cooling continue to respond
to drugs at lower temperatures than the deep-running arteries. The vasocon-
strictor response of rabbit femoral arteries to norepinephrine decreases linearly
below 37°C, whereas that of the rabbit ear artery passes through a temperature
optimum at 24°C and persists until about 7°C is reached (354). The flipper
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arteries of the seal are constricted by epinephrine at temperatures down to 1°C,
whereas the internal arteries do not respond below 15°C (470). The rabbit aorta
is most sensitive to epinephrine between 25°C and 30°C (99) and fails to respond
to (submaximal) norepinephrine at 15°C (146). The bovine ulnar artery loses its
responsiveness to epinephrine at about 12.5°C (494), whereas the rat tail artery
maintains a reduced response to drugs even at 2°C (320). Reduction of the
responses to norepinephrine by cooling has also been observed in man and intact
animals (301, 336). The response of canine mesenteric arteries (766) and lateral
saphenous veins to nerve stimulation and to exogenous norepinephrine is, how-
ever, greater at, respectively, 27°C and 17°C than at higher temperatures (922,
941). It should be noted that the optimal frequency of adrenergic nerve stimula-
tion is also temperature-dependent (164) and this may confound results ob-
tained with fixed frequency stimulation at different temperatures. Inhibition of
catecholamine uptake by cocaine does not abolish the potentiating effect of
cooling (940). The diminished rate of relaxation observed after cooling (301, 320,
941) would tend to oppose somewhat the effects of diminished vasoconstrictor
response. The hypoxic pressor response of the pulmonary circulation is also
temperature-dependent (section XVII D). The relaxant effect of glyceryl trini-
trate on aortic strips is also reduced at lower temperatures (581).

The major question regarding the loss of the vasoconstrictor response to drugs
at low temperatures is whether “cold-inhibition” is due to an inhibitory effect
on the membrane or on the contractile proteins. The finding of Bohr et al. (fig. 1
C in I 66) that hog carotid artery actomyosin ATPase retains considerable ac-
tivity at 0°C (pH 7.4), if applicable to other vascular smooth muscles, suggests
that cold-inhibition of vasoconstrictor effects is not due to direct depression of
the contractile protein. This assumption is further supported by Keatinge’s
observation (fig. 6 in 494) that the tension of already contracted vascular smooth
muscle is maintained for a prolonged interval (12 min) after it has been cooled
to a temperature at which it would not respond to added drugs. It is most likely,
in our opinion, that the primary rate-limiting factor during cooling is the de-
creased response of the membrane to excitatory agents. This mechanism is also
suggested by the absence of the depolarizing, as well as the contractile, effect of
drugs on sheep carotid arteries at low temperatures (I 323). This failure of the
depolarizing effect of drugs is not due to cold-induced depolarization (I 323),
since (Part I, VI H), vascular smooth muscle is contracted by drugs even when
completely depolarized. Cooling uncouples the depolarizing effect of potassium,
which persists, from the normally ensuing contraction, which is abolished (I 323).
In terms of the model adopted in this review (section XXII), the most probable
mechanism responsible for cold-inhibition is an inability of excitatory agents
at low temperatures to increase the permeability of the membrane to caleium.
It would be futile to carry speculation further by questioning whether the affinity
or the intrinsic activity of drugs is primarily affected by cooling, or whether
the Ca**-permeability of ‘‘cold membranes” is inherently so low that it cannot
be sufficiently increased by excitation. It has also been suggested that at low pH
levels the effects of temperature on actomyosin may become more pronounced
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and contribute to thermal effects on vascular smooth muscle contraction (I
323). Complete recovery of the contractile response after cooling requires about
2 hr at 37°C (320, 494). Of course, the immediate and the delayed phases of recov-
ery need not be due to the same process.

The contractile response of the rabbit aorta to potassium is decreased after
prolonged (7 days) cold storage (829, 923). Recovery of the rabbit ear’s vascular
response to norepinephrine, after freezing to —10°C, has been reported (746).
Cold storage appears to influence the membrane electrical properties of the
normally electrically silent aorta in making it generate action potentials after
storage (720). The effects of cold storage on adrenergic nerves are discussed
elsewhere (section IX B).

In sucrose-gap studies of rabbit mesenteric veins and pulmonary arteries we
found (I 557) a net depolarization of over 7 mV when the strips were warmed
from 25°C to 35-37°C. The depolarization was sometimes preceeded by a slight
hyperpolarizing phase. Sheep carotid arteries are only hyperpolarized when
warmed from 5°C to 35°C (I 323). Thermal oscillations, in our experiments,
were accompanied by similar oscillations of tension and of membrane potential.

Changes in temperature may affect, in addition to the constant field potential
(196), both an electrogenic ion pump (216, 498, 850) and the permeability co-
efficient of the smooth muscle membrane (485). It would be premature to specu-
late about the relative contribution of these factors to temperature-induced
changes in vascular smooth muscle membrane potentials. It is clear, however,
that depolarization upon warming cannot be due to the temperature-dependence
of the Nernst potential, which would predict an opposite, hyperpolarizing effect.
Friedman et al. (320a) found that, during warming of the rat tail artery, the
extrusion of sodium and the related uptake of potassium (Part I section VI A)
was greater in unstretched than in longitudinally stretched preparations.

The greater thermostability of vascular than of skeletal myosin has been
mentioned (Part I, section IV A). According to Hamoir and Gaspar-Godfroid
(I 245), thermal inactivation of vascular actomyosin ATPase activity, if ATP
is present during heating, begins at 40°C and is complete at 60°C. In view of
this observation it would seem difficult to separate the effects of high tempera-
ture on receptors from those exerted on the contractile proteins. The effect of
high temperatures (53.5°C) on the passive elastic properties of blood vessels
is markedly influenced by thermal effects on collagen and elastin (504) but the
contribution of smooth musele is difficult to evaluate from this study of longi-
tudinal strips of frog vessels.

In spontaneously active bat veins the frequency of spontaneous contractions
increases with warming, and the Q;o (3.1 to 4.7) of this process is high (958).
The frequency of action potentials triggering the contractions would also be
expected to increase under these conditions, and this has been verified in spon-
taneously active rabbit mesenteric vein (I 557) and turtle vascular strip (763)
preparations.

Cutaneous vascularization in growing piglets is more extensive in littermates
raised at high ambient temperatures than in those raised in a cool environment
(456).
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Light-activated relaxation of vascular smooth muscle has been studied by
Furchgott et al. (329) and these studies were extended to visceral smooth muscle
(267, 327). Relaxation of rabbit aortic strips is maximal at a wavelength of 450
my and below; it is facilitated by anaerobiosis and is more pronounced at 25°C
than at 37°C (329). Interestingly, drug-induced contractions are more readily
relaxed by light than K+-contractures (329). A detailed discussion of photore-
laxation will be found in a recent paper by Furchgott (327). Ultraviolet-induced
contractures can also be induced in vascular strips but only after photosensitiza-
tion with acridine orange (I 557, 858).

XX. OSMOTIC EFFECTS

The peripheral vasodilator action of hypertonie solutions (199, 743, 861) and
the possible role of plasma hyperosmolarity in exercise hyperemia (635) have
been reviewed recently (I 410). The systemic vasodilator effect persists after
denervation (635, 861), ganglionic blockade, or antihistamine treatment (743).
An interesting observation of possible physiologic significance, in terms of renal
effect of osmotic loads, is the inhibition of the renal vasoconstrictor responses
to angiotensin by hypertonic mannitol (532).

The pulmonary vascular pressure, unlike the systemic, rises in response to
hypertonic solutions. The pulmonary pressor response is not blocked by phentola-
mine or atropine (268) and is thought to be due to constriction of both pul-
monary arteries and pulmonary veins (269). Other workers, however, suggested
red cell agglutination as the mechanism of hypertonic pulmonary vasoconstric-
tion (743, 822).

The cellular effects of hyperosmolarity have been studied by Johansson et al.
(470a, 471, 635) and include, in spike-generating vascular smooth muscle, in-
hibition of spike electrogenesis and impaired intercellular conduction (I 312). The
inhibition of spike activity can probably be accounted for by the hyperpolariza-
tion due to cell shrinkage that increases intracellular K+ and hence Ex (138,
471). The impairment of conduction by hypertonic solutions is thought to be due
to interruption of intercellular nexuses (I 42, I 312) but hyperpolarization could
also contribute to this effect. The distribution of various solutes, and their effects
on tissue water, are consistent with the suggestion that the near perfect osmotic
response of rat portal veins to hypertonic solutions leads to changes in cell volume
that result in electromechanical inhibition (42). Hypo-osmolarity stimulates the
electrical and mechanical activity of rat portal veins, but this effect is markedly
reduced if the sodium concentration of the medium is low (474a, 474b).

Canine aortic strips, in contrast to rat portal veins, are contracted by twice
normal NaCl concentrations and, to a lesser extent, by hypertonic glucose (976).
It is uncertain whether these and our similar observations on rabbit and canine
pulmonary arteries (858) can be fully accounted for by osmotic shrinkage rather
than active contraction. Rat aortic strips are not contracted by similarly hyper-
osmotic NaCl (976). The responses of the rat portal vein to osmotic changes may
not represent the entire repertory of osmometric properties in other types of
vascular smooth muscle.
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XXI. REACTIONS OF BLOOD VESSELS OF HYPERTENSIVE ANIMALS

Morphological changes including hypertrophy of vascular smooth musecle in
hypertensive animals have been described (Part I, section III D), but they
probably represent secondary changes evoked by the rise in blood pressure.
Similarly, changes in vascular electrolyte content observed in experimental
hypertension (210, 253, 286, 314, 319, 424, 474, 520, 659a, 895, 897, 961) may be
secondary to, rather than the cause of the rise in blood pressure. The increase
in Na, Cl, and water content of the aorta in the hypertensive proximal, but not
in the hypotensive distal, segment of an experimental coarctation indicates that
a high distending pressure can elicit the changes associated with other types of
experimental hypertension (424). Conversely, little change in electrolytes was
found in the aortas of genetically hypertensive rats (632, 725a). The observed
increases in vascular electrolyte content may also reflect alterations in the ion-
binding properties of the extracellular matrix rather than intracellular concen-
trations (I 106, 319, 424). Much of the earlier work in this field was based on an
assumption, not substantiated by recent studies (Part I, section VI A) that
monovalent cations are major determinants of vascular smooth muscle con-
tractility. The concentration of the ion more intimately involved with regula-
tion of contraction, calcium, is reported to be unchanged (71, 253) or slightly
increased (895) in fresh blood vessels of hypertensive animals. The significance
of small increases (897) is uncertain. In future studies it may be desirable to
determine plasma phosphate (Part I, section VI C) and calcium in conjunction
with studies on blood vessels, particularly when dealing with renal hypertension,
which may be associated with hyperphosphatemia. The fairly marked increase
in caleium content of perfused hypertensive arteries (421) will be discussed
subsequently.

The major question regarding the functional properties of hypertensive
blood vessels is whether they are hyper-reactive (55, 66, 67, 166, 207, 219, 233,
256, 335, 364, 383a, 420, 421, 430, 431, 550, 607, 632, 636, 690, 725, 839, 862,
887, 902) or not (333, 598, 744, 819, 965) to excitatory stimuli. Critical evalua-
tion of some of these studies, particularly those limited to blood pressure measure-
ments, is difficult. Furthermore, experimental hypertension induced by a variety
of methods and in different stages of chronicity is not a single entity nor a
particularly suitable model of human essential hypertension. Subject to these
reservations, the majority of studies is consistent with a relatively nonspecific
hyper-reactivity of hypertensive blood vessels. The secondary question regard-
ing this abnormal vascular function is whether it is a mechanical consequence of
the structural changes in hypertensive vessels or whether it, indeed, represents
an increased sensitivity to excitatory agents (or decreased activity of relaxing
system) in vascular smooth muscle.

Increased wall-thickness and decreased lumen may lead to an ‘“apparent”
increase, due to mechanical factors, in the responsiveness of blood vessels to
fixed concentrations of vasoconstrictors (65, 302, 335, 744, 839), although some-
what similar structural changes when due to Raynaud’s disease do not produce
vascular hyper-responsiveness (636). The contribution of structural changes
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caused by well established (839) hypertension to the hyper-responsiveness of
blood vessels studied in situ, does not account for hyper-reactivity of aortic
strips (364). Furthermore, certain strains of rat that are sensitive to the experi-
mental induction of hypertension exhibit exaggerated responses to pressor
agents even when maintained normotensive on a low salt diet (207). Delayed
relaxation of perfused arteries of hypertensive animals (420) is also not readily
explained on the basis of structural changes alone. Our impression of the litera-
ture surveyed (see also 256, 550) is that genetic (human essential and rat)
hypertension is associated with a true vascular hyper-reactivity. It may be
worth while to consider the possibility that certain forms of hypertension are
in fact due to a primary disease of vascular smooth muscle, rather than to ex-
cessive vasoconstrictor stimuli.

In terms of the model of major excitation-contraction coupling mechanism in
vascular smooth muscle advocated by us (section XXII, and Part I, section VI),
an abnormal increase in Ca**-permeability or a decreased activity of the re-
laxing system of vascular smooth muscle would account for hypertensive hyper-
reactivity. It would be of interest to compare the duration of K+-contractures
and the sensitivity to added Ca** (850, 859) in strips of small arteries from
genetic hypertensives and normotensives. The arteries of nephrectomized, salt
and steroid-loaded rats have an enlarged labile calcium pool after perfusion with
Krebs’ solution containing a relatively high (2.1 mM) concentration of calcium
(421). In the absence of calcium determinations on fresh, nonperfused vessels,
it is uncertain whether this pool represents uptake, and if so, into what tissue
compartment. In the same study, Hinke (421) also found that the dose-response
curve of calcium-depleted vessels to added Ca** was shifted to the left in hyper-
tensive animals and considered an enlarged labile Ca*+ pool or changes in con-
tractile proteins as possible mechanisms of hyper-reactivity. Our interpretation
of his data differs and we would regard his observations as possible evidence of
increased membrane permeability to calcium or decreased activity of the relaxing
system of vascular smooth muscle in the hypertensive animals. The earlier
implication of altered contractile proteins in hypertension (982) was based on
the assumption that two contractile protein systems, tonic and phasic, operate
in vascular smooth muscle, but this assumption has been largely disproved by
recent studies (Part I, section IV A).

The decreased sensitivity to the pressor eftects of angiotensin associated with
increased circulating renin concentrations in certain patients with renovascular
hypertension and its possible diagnostic applications (649, 688, 819, 898) have
been discussed earlier (section I B). It should be noted, however, that in experi-
mental renal hypertension an increased sensitivity of perfused limbs to angio-
tensin, as well as to other vasoconstrictors, has been reported (66, 233, 607, 902).

XXII. GENERAL MECHANISMS OF DRUG ACTION ON CONTRACTILITY
AND MEMBRANE PERMEABILITY

In this section on general drug mechanisms we shall attempt to consider the
physiology and the pharmacology of smooth muscle within a consistent frame-
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work, identifying the cellular events that may be acted upon by drugs producing
vasoconstriction and vasodilation. We have adopted a particular model of
excitation-contraction coupling based on permeability changes of the plasma
membrane (see also Part I, section VI H and I 150, I 295, I 470, I 520) that,
although not proved in its details, is supported by considerable evidence and,
more important, can be readily tested by further direct experiments.

The major assumptions inherent in the model are that: a) excitatory drugs act
primarily by a common mechanism of increasing the ion-permeability of the
vascular smooth muscle plasma membrane; b) the quantitatively most impor-
tant, though perhaps not the only, source of activator calcium mediating drug-
induced contractures is a site external to the plasma membrane; and c) the
primary determinant of contraction (or relaxation) is the rise (or fall) of intra-
cellular free calcium ion concentration (see also Part I, section VI). This last
assumption does not exclude the possibility of secondary regulatory mechanisms
that may alter the actomyosin-ATP interaction at constant Ca*+ levels (see
below).

Possible pathways of excitation-contraction and inhibition-relaxation coupling
are outlined in figure 1. The possibility that ionized calcium may not be the sole
modulator of contractile activity is indicated. This is merely an informal restate-
ment of the well-known biochemical observation that actomyosin ATPase ac-
tivity, at a given Cat+-concentration, can vary as the function of other variables
(for example pH, temperature, Mg, phosphates). Whether drugs can produce
vasoconstriction or vasodilation through these variables and without affecting
intracellular Cat*-ion concentration is completely unknown, but the possibility
must be admitted on theoretical grounds. This somewhat unorthodox possibility,
reminiscent of earlier ideas about soluble relaxing factors of striated muscles,
is mentioned in view of some recent studies that failed to demonstrate the ex-
pected effect of certain smooth muscle relaxants on transmembrane calcium
exchange (see below and section XIII A).

The strongest argument for a mechanism of excitatory drug action based on
membrane permeability is that the effects of drugs on the plasma membrane
have been unequivocally demonstrated. That excitatory drugs increase the ion
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TABLE 1
Ewvidence for pharmacomechanical coupling in polarized smooth muscle

1. The same blocking and potentiating agents are effective in polarized and in
depolarized smooth muscle (I 166, I 560, I 611).

2. Depolarization by drugs may be less but the maximal contraction greater than
the respective effects of high potassium solutions (I §57, 859).

3. The differences in the maximal contractile effects of different agonists are main-
tained after depolarization (I 557, 852).

4. Drug-induced contractions may be sustained in smooth muscles whose response
to depolarization by high potassium is a transient, phasic contracture (852).

5. Relaxing agents can relax polarized smooth muscles without evidence of hyper-
polarization (242).

6. Dissociation of the electrical and the contractile effects of drugs is readily seen
in polarized smooth muscle (I 124, I 557, 851).

permeability of the smooth muscle membrane to ions is indicated by measure-
ments of both radioisotope fluxes and membrane potentials (section VI and Part
I, sections VI A, C, and E). Recent evidence also indicates that there is at least
a semiquantitative correlation between the maximal contraction and the maxi-
mal permeability change produced by a given drug. For example the maximal
serotonin-induced contractions of rabbit portal-mesenteric vein strips are only
30 to 40 % of those produced by norepinephrine, and the maximal depolariza-
tion produced by serotonin is also less than that produced by norepinephrine
(859). Similarly, both the depolarizing and the contractile effects of angiotensin
on the rabbit aorta and the canine pulmonary and renal arteries are less than
those of norepinephrine (851). Unequal contraction and depolarization of rabbit
pulmonary arteries by serotonin and by norepinephrine has also been demon-
strated in a Na-free medium containing calcium (851). These observations are
very recent and too limited to permit conclusive formulation of a general mecha-
nism. They are consistent with the view that an increased permeability to Ca++
is produced by several, and perhaps all, excitatory drugs and that this effect is
the major mechanism of near-maximal and maximal contractions. To this ex-
tent there is support gained for the suggestion of Part I of this review that the
unequal maximal contractile effects of different drugs are an expression of the
unequal maximal increase in Cat+-permeability produced by them.
Pharmacomechanical coupling (the action of compounds on the contractile
system independent of the membrane potential and action potential) has been
discussed in Part I of this review (section VI H) and we summarize here (table 1)
the evidence supporting its existence under physiological conditions. The ease
of electromechanical dissociation in vascular smooth muscle is shown by the
observation that the same depolarization associated with a 75 % maximal con-
traction when due to norepinephrine is not accompanied by any contraction
when produced by isoproterenol in a slightly high K+ (10.0 mM) medium (851).
The sum of evidence, in our opinion, suggests that the mechanisms of drug ac-
tion originally demonstrated in depolarized smooth muscle by Schild et al. (I
166, I 529) also contribute to excitatory and inhibitory drug effects on polarized
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smooth muscle. Those who are still unprepared to accept the existence of phar-
macomechanical coupling should support their objections by finding a biological
switch that can turn off, in polarized muscle, excitatory and inhibitory mecha-
nisms that are clearly present in depolarized muscle.

Recognition of the existence of pharmacomechanical coupling does not imply
the exclusion of electromechanical mechanisms (regulation of the contractile
system by changes in membrane potential, action potential frequency or both;
Part I, section VI G). It is indeed probable, in view of the well demonstrated
spike-generating properties of vascular smooth muscle in small arteries, that
moment-to-moment regulation of the resistance vessels (hence physiological
regulation of blood flow and pressure) is regulated by the tetanic mechanism
(852) of variable frequency spike electrogenesis.

The assumption that excitatory drugs act through increasing the permeability
of the plasma membrane to calcium implies that the major source of activator
Catt is extracellular: the basement membrane, the ground substance, or the
extracellular fluid. The proposed mechanism also admits to the possibility that
drugs may increase the permeability of the membrane by displacing stabilizing
Cat+ that itself also contributes to contractile activation (Part I, section VI H
and I 557). Calculations designed to estimate the fixed Ca*+ “available” on the
smooth muscle plasma membrane (I 557) are based on several unknown variables
and for the time being must be regarded as interesting speculations. It would be
of very great interest to determine whether excitatory drugs can displace cal-
cium from smooth muscle membrane preparations and, if so, whether the maxi-
mal amount of Cat+ displaced varies with the intrinsic activity of a given drug.

The question of “stable” calcium storage sites that may be affected by some,
but not all, agonists has been the subject of some speculation (Part I, sections
VI C and H; 357, I 273, I 290). In phasic striated muscles the existence of a
stable calcium site is conclusively documented and anatomically localized to
the sarcoplasmic reticulum. It is functionally demonstrated by the large caffeine
contractures that can be elicited in severely Cat+*-depleted striated muscle in
the presence of high concentrations of EDTA (107, I 520). The paucity of
sarcoplasmic reticulum in smooth muscle has been pointed out by Peachy and
Porter (I 470), but in certain types of vascular smooth muscle large numbers of
vesicles have been observed (Part I, sections VI C and G; I 140, I 557, fig. 56
in 240). Without serial sections conventional electronmicrographs do not per-
mit differentiation of plasmalemmal invaginations communicating with the
extracellular space (pinocytotic vesicles, 240a) from a system of subplasmalemmal
closed vesicles that are not in direct communication with the exterior (sarco-
plasmic reticulum). The lanthanum-stained arteriolar smooth muscle sections
illustrated by Devine (fig. 67-69 in 240, 240b) clearly show infiltration of this
extracellular tracer into vesicles that, because of the plane of sectioning, would
otherwise appear to be subplasmalemmal. More recent studies (240b) with
Jlanthanum indicate that, in addition to those round vesicles communicating
with the extracellular space, there is also a closed vesiculotubular system at least
in the three types of spike-generating vascular smooth muscles examined. Some



VASCULAR SMOOTH MUSCLE. II. 317

of these closed tubules and vesicles appear to make contact with the open pino-
cytotic vesicles and may function analogously to the striated muscle triads. The
ultrastructural findings at least permit the possiblity that electromechanical
coupling of action potentials is due to the intracellular translocation of calcium,
a mechanism suggested in mammalian (Part I section VI G and I 557) and more
recently (137) implied in amphibian vascular smooth muscle.

In contrast to the caffeine contracture in Catt-depleted striated muscle,
mammalian vascular smooth muscle cannot respond to any drug after equally
severe Cat+-depletion. Caffeine does have an effect on vascular smooth muscle
bathed in normal Cat+-containing media: it potentiates the epinephrine-induced
contractions of rabbit aortic strips (121) and also has a slight contractile effect
on canine renal arteries and human umbilical veins (I 557). Neither of these
experiments was conducted in Cat*-free medium, and therefore the earlier
inference that caffeine displaced Ca*+ from an internal site (I 557) remains open
to question. Since caffeine, in addition to translocating Cat+ from the sarco-
plasmic reticulum also increases the permeability of the striated muscle surface
membrane to calcium (107), its effects on vascular smooth muscle could also be
mediated by the latter mechanism.

The selective persistence of a contractile response to certain agonists after
moderate Catt-depletion has been discussed in Part I section VI C (849) of this
review. It should be noted that in the presence of magnesium (733) low concen-
trations of EDTA may not be sufficient to chelate all the contaminant calcium
present in nominally Cat+-free solutions. Hence the results of such experiments
may not be representative of the responses of vascular smooth muscle in a
completely Catt-free environment. The fact that certain types of vascular
smooth muscle, when depolarized in Ca++-free media, respond to 6.5 X 10-5 M
added Cat+ with a half-maximal contracture (859), increases the probability
that the residual response to an agonist producing a large increase in the permea-
bility of the membrane can be mediated by incompletely chelated contaminant
calcium. Furthermore, even in an initially Cat+-free (< 10-¢ M) bath the Ca++-
concentration may increase with time because of equilibration of the bathing
medium with extracellular Cat+-binding sites. Low-resolution X-ray emission
microanalysis of human aortas suggests that most of the calcium content is
extracellular, associated with sulfate-groups (391), and hence would be expected
to be in equilibrium with the extracellular fluid. The extent of the sarcoplasmic
reticulum (240b), which may also vary among functionally different vascular
smooth muscles, has not been quantified in mammalian vascular smooth muscle.
The possibility that these sites contribute some calcium for the contractile effect
of drugs must be considered, but the existence of major stable intracellular Ca*+-
sites that are acted upon by drugs in excitation-contraction coupling has yet to
be demonstrated in mammalian vascular smooth muscle. In turtle aorta, however,
Bozler (137) was able to elicit contractions even after extreme Cat+-depletion
with 4.0 mM EGTA and we have confirmed this finding (854). Bozler (137) sug-
gested that in the Cat+-free medium the contractile effect of acetylcholine is due
to an action of the drug on the sarcoplasmic reticulum. We believe that the pri-
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mary action of the drug may still be on the permeability of the plasma membrane
and the change in the latter could trigger the release of calcium from the reticu-
lum. The contribution of intracellular calcium sites to the contractile process
may be greater in the turtle aorta than in the mammalian blood vessels examined.
Preliminary estimates of the sarcoplasmic reticulum in mammalian vascular
smooth muscle [less than 1% in guinea pig small mesenteric arteries (240c)]
suggest that it is insufficient to store enough calcium for the activation of a
sizeable contraction. Smooth muscle of the turtle, unlike any of the mammalian
smooth muscles, contains an extensive system of vesicles (240c) and this ultra-
structural feature may account for its residual contractile response in Cat+-free
solutions. The mitochondria and the nucleus are indicated in figure 1 merely as
theoretically possible cation stores and inference regarding their actual function
would be premature.

The above arguments brought to bear for a common mechanism of excitatory
drug action, based on ion-permeability of the plasma membrane, are in close
agreement with those advanced by Douglas (254) in defining the role of Cat+-
influx in stimulus-secretion coupling. The equivalent of relaxation has not been
examined in secretory epithelium but its study may be a profitable venture for
those finding parallels between contraction and secretion (p. 469 in 254). The
question of the mechanisms of relaxation, to be discussed next, is of course a
major problem of vascular pharmacology.

If the excitatory drugs can produce contractions by increasing the permeability
of the plasma membrane to calcium, then inhibitory drugs should be able to relax
smooth muscle by decreasing its permeability to calcium. Certain relaxing agents
do indeed decrease transmembrane Cat+-fluxes in smooth muscle. Myometrial
Cat+-fluxes are inhibited by tetracaine (287) and Ca**-uptake into the depolarized
rat aorta is reduced by tetracaine and cinchocaine (685). Papaverine inhibits
the lipid-facilitated transport of calcium between two solvents (167) although the
relationship of this effect to drug action #n vivo remains to be established. Cocaine
depresses the K+-permeability of the guinea pig ileum and relaxes contractures
elicited by Ca*+ and depolarizing concentrations of K+ in this preparation (448).

Other smooth muscle relaxants, however, do not produce readily demonstrable
changes in the ion-permeability of smooth muscle. Epinephrine and caffeine
relax the depolarized myometrium without depressing CatS-exchange in the
manner of tetracaine (287). Indomethacin and desipramine relax the depolarized
rat aorta without reducing its Ca*-uptake as tetracaine and cinchocaine do
(685). The possibility that these agents stimulate Cat+-extrusion (Part I, sec-
tion VI H) is diminished by their lack of effect on Ca*-eflux. Nevertheless, as
Keatinge’s studies on the sodium fluxes of carotid arteries have shown (I 327), a
considerable proportion of a slowly-exchanging ion flux may be extracellular
and indistinguishable from true cellular efflux by simple compartmental analysis.
Thus, an effect of vasodilators on true cellular eflux may be difficult to detect if
the latter constituted only a small proportion of the total Ca*-efflux. Subject to
these reservations, however, it will be necessary to examine seriously the pos-
sibility that certain smooth muscle relaxants act by stimulating intracellular
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uptake of calcium to some unspecified site (I 529) or by increasing the concen-
tration of an intracellular soluble relaxing factor that interferes with the calcium-
troponin-actomyosin interaction.

The following empirical classification of the mechanisms of smooth muscle
relaxation may be found useful for future experiments. We suggest that three
types of relaxing mechanism be distinguished. 1) One would decrease the Ca*+-
influx into depolarized smooth muscle. Examples of this class of agents are local
anaesthetics (section XIII) and haloalkylamines in high concentrations (sec-
tion XIV). Some agents acting on passive membrane properties might not de-
crease the resting ion-permeability of smooth muscle but inhibit drug-stimulated
ion fluxes. Examples of this type of agent are ethanol (448) and low concentra-
tions of haloalkylamines (154), each of which inhibits the cholinergically stimu-
lated transmembrane K+-fluxes in intestinal smooth muscle. Similar studies on
the effects of vasodilators on drug-stimulated, as opposed to resting, Ca++-fluxes
in smooth muscle are not available, and it would be of interest to determine
whether drugs such as desipramine and indomethacin (see above) may have
such an effect. 2) A second mechanism would be mediated by the stimulation
of active pumping of cytoplasmic Ca*+ into the extracellular compartment or
into an intracellular storage site. 3) A third mechanism would be implied by the
finding of relaxing agents that do not decrease stimulated Cat+-influx into smooth
muscle and have a relaxant effect that cannot be accounted for by extracellular
Ca*tt pumping. Conclusive demonstration of this third mechanism would in
fact necessitate a search for a soluble relaxing factor, since it is likely that, as
had been suggested in the case of K+-contractures (685), the uptake capacity of
an intracellular Cat+-store would be exhausted during maintained Ca*+-influx,
and a smooth muscle relaxant that was still active under these conditions would
have to act in the presence of maintained cytoplasmic calcium concentration. It
should be kept in mind, of course, that a given relaxing agent may act through
more than one mechanism.

The foregoing classification is concerned primarily with agents that can relax
depolarized and polarized smooth muscle by pharmacomechanical mechanisms,
as seems to be the case for the majority of smooth muscle relaxants (vasodilators)
including beta-adrenergic amines (section IX I), phosphodiesterase inhibitors
(section IX I), local anesthetics (section XIII), haloalkylamines (section XIV),
acetylcholine (section VI B), and histamine (section VIII). It would be of interest
to determine whether the hypotensive polypeptides can relax only polarized
smooth muscle or whether these agents are also capable of pharmacomechanical
inhibition. It is evident that solely electromechanical inhibition through hyper-
polarization and inhibition of spike electrogenesis (Part I, sections VI F and H)
could be produced by vasodilators having little effect on resting or drug-stimu-
lated transmembrane Cat+-fluxes. It is a general observation however, that
some drugs that are capable of pharmacomechanical inhibition also inhibit, when
present, spontaneous electrogenesis. Examples of such “dual” acting vasodilators
are methylxanthines, isoproterenol, and acetylcholine (Part I, section VI F).
Local anesthetics, papaverine, and nitroglycerin also reduce the frequency and



320 SOMLYO AND SOMLYO

rising velocity of the spontaneous action potentials of the myometrium (241).
As indicated above, definite evidence of an inhibitory agent that relaxes vascular
smooth muscle by solely electrical mechanisms has yet to be obtained.

The contractile system of vascular smooth muscle, in relation to actomyosin
ATPase activity, has been discussed in Part I of this review (sections I B and IV
A). Since that time additional studies have demonstrated thick filaments in
guinea pig taenia coli (495a, 684), chicken gizzard (495a), and in unfixed rat
jejunum, thoracic aorta, splenic and glomerular arteries (718a). Thick filaments
(200 to 280 &) were also present in fixed preparations of rabbit main pulmonary
arteries and portal-anterior mesenteric veins (240c). These findings support the
impression that the contractile process of smooth muscle is based on a sliding
filament mechanism.

Drug-receptor mechanisms have been extensively dealt with by others (39,
325, 716, 865, 884, 939), and therefore we have avoided a detailed discussion of
this topic. It has been tacitly assumed in other parts of this review that, as the
unequal maximal contractions produced by unrelated drugs, so also the different
intrinsic activities or efficacies of members of a homologous series are proportional
to their ability to increase the permeability of the membrane to calcium and
other ions. Assuming the premise that the pharmacomechanical excitatory effect
of drugs is due to an action on membrane permeability, the above conclusion
regarding unequal maximal contractions is, in a mathematical sense, trivial and
can be readily tested with available isotope flux and potentiometric techniques.

We have at times implied (sections I A and IT A) that the selective pharma-
cological responsiveness of a given vascular bed may be influenced by variations
in the metabolism of different agonists as well as by the distribution of receptors.
Consideration of the metabolism of vasoactive hormones, recently reviewed by
Vane (916), suggests that this may be a significant determinant of the actions of
vasoactive peptides on regional circulations #n vivo. Although of possible thera-
peutic significance, a more detailed discussion of the relationships between drug
metabolism and the development of selective vasoconstrictors and vasodilators
is outside the scope of this review.

It has been noted in several sections (II to IV and VI to X) of this review that
many vasoactive drugs have dual, inhibitory and excitatory, actions with the
dominant effect depending upon the concentration of the drug, the vascular bed
tested, and other experimental variables. There is suggestive evidence that in
certain instances the same type of receptor may mediate inhibitory and excitatory
effects and different secondary messengers or specific ion-equilibrium potentials
determine whether the drug will produce contraction or relaxation (sections II
E and VI B). In other instances excitatory and inhibitory receptors may differ,
as appears to be the case for adrenergic alpha- and beta-receptors. A given elec-
tromechanical event may also be mediated by two concurrent mechanisms, as
occurs with combined alpha- and beta-adrenergic inhibition of intestinal smooth
muscle (sections IX F and I). As indicated earlier, vasoconstrictor effects of drugs
on polarized vascular smooth muscle can be mediated simultaneously by de-
polarization, increased frequency spike electrogenesis, and pharmacomechanical
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coupling. The relative contribution of each of these mechanisms to the total
contraction will vary in a manner that has to be determined experimentally in
individual instances.

Spike-generating phasic smooth muscles and tonic vascular smooth muscles
that are electrically silent when not stimulated and, when stimulated, usually
respond with graded depolarization were discussed in Part I of this review, and
the rare occurrence of very fast action potentials in the generally gradedly-
responsive rabbit pulmonary artery has been described in detail elsewhere (851,
859). It might be noted here that a phasic response to a drug, rather than to de-
polarization with potassium, is in effect the ‘“fade” required by Paton’s rate
theory (716, 939) and is undistinguishable, except semantically, from tachyphyl-
axis. It is interesting that a pronounced phasic “fade” (tachyphylaxis) at least
to angiotensin is readily observed in portal-mesenteric veins and small blood
vessels (section I B), in other word, in those types of vascular smooth muscle
that exhibit phasic components in their K+*-contractures (850). Whether this
implies that the development of tachyphylaxis to certain agonists and the time-
dependent Ca++-permeability of depolarized smooth muscle are related proper-
ties remains to be determined.

CONCLUSION

Regional and species differences in the responsiveness of vascular smooth
muscle to drugs have been conclusively established during the period covered by
this review. Differences among the membrane properties of different vascular
smooth muscles have also been recognized, although in this area our knowledge
is still limited. Several forms of spike electrogenesis, probably analogous to those
produced by other excitable membranes, have been observed in certain types of
vascular smooth muscle. The contractile mechanism of smooth muscle appears
to be based on the sliding of two types of filaments in a manner fundamentally
similar to that of striated muscles. Graded membrane-potential changes elicited
by drugs and the increasing evidence of contractile regulation by mechanisms
other than the membrane potential, however, clearly indicate that smooth
muscles cannot be considered as reduced scale models of the frog sartorius fiber.

What may we anticipate to occur in this field within the next 15 years? The
structural identification of receptors would be assigned high priority by most
pharmacologists. The variable distribution of receptors in smooth muscle could
be used, as was done with transport-negative and transport-positive mutants
(708), for the specific labelling ot receptors in a drug-sensitive population of cells.
The nature of the physicochemical changes of the membrane that bring about
an increase in ion-permeability and active transport is equally important and
probably related to receptor-identification. It is our impression that the investi-
gation of slow, graded potential changes common to smooth muscles, certain
synaptic membranes, and epithelial cells will elucidate new aspects of membrane
physiology. Because of their slow time course, these graded potential changes
would be expected to reveal more readily the underlying physicochemical tran-
sients, that might also be qualitatively different from the rapid, regenerative
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permeability change that characterizes the action potential. It is commonly
assumed that conformational changes of specific polar groups determine the
permeability of the membrane, but a plausible hypothesis of synaptic electrogene-
sis based on the hydrolysis of membrane phospholipids has also been proposed
(263) and may be relevant to the generation of graded potential changes in
smooth muscle.

It is well within the reach of available technology to accurately determine
what fraction of total vascular calcium is external to the plasma membrane and
how much is available at internal sites for excitation-contraction coupling. It
will be equally suitable to determine whether the relative ion permeability
changes produced by peptide and amine agonists are only quantitatively different
or whether these different drugs have selective effects on different ion channels.
The classification of vasodilators according to their effects on resting and on
stimulated transmembrane calcium-fluxes will be essential to the understanding
of their mechanism of action as well as a necessary first step in rigorously testing
the possibility of the existence of auxiliary mechanisms that can regulate smooth
muscle actomyosin ATPase without inhibiting Ca++-influx.

The atherogenic role of vascular smooth muscle (Part I, section III B) and
the possibility of hypertension as a vascular myopathy (section XXI) will
probably undergo close scrutiny as interest in these diseases persists. Perhaps
biochemical studies can reveal whether the increased AMPase activity of hyper-
tensive vascular smooth muscle (Part I, section III D) is wholly nonspecific, or
whether abnormal (low) cyclic AMP and other nucleotide levels are involved in
the pathogenesis of hypertension.

The above list is admittedly speculative and perhaps presumes too much in
anticipating scientific trends. We have intentionally emphasized those areas of
research that are largely peculiar to smooth muscle and to vascular smooth
muscle in particular, rather than the exploration of the similarities to phasic stri-
ated muscles, without denying the usefulness and further need for the latter.
Our choice of emphasis was strongly influenced by the role of vascular smooth
muscle in the development of cardiovascular diseases and also by the belief
that a specific field of research serves the general cause of science better by
asking it an occasional original question.
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