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The catecholamines influence metabolic processes and physiological functions

in most tissues and organs of the body. It may be asked whether this multi-

plicity of effects has its counterpart in an equal number of points of attack in

biochemical and biophysical reactions. This appears a priori rather improbable.

Stimulation of one cellular process may result in secondary reactions on several

physiological functions. An important question is therefore how many primary

biochemical or biophysical points of attack the catecholamines have and how

these are linked to the physiologic and pharmacologic actions of the amines.

Ahlquist’s (1) classification of the adrenotropic receptors in a- and $-types

and the demonstration of drugs with selective a- (1 19) and a-receptor (17, 39,

116, 121, 123) blocking effects may indicate that the primary actions of cate-

cholamines can be reduced. There are however certain adrenergic receptors,

e.g., those in the liver that mediate the glycogenolytic-hyperglycemic effects of

the catecholamines, which are somewhat different from a- and f3-receptors-a2-

receptors according to Kennedy and Ellis (67). This may mean that yet another

receptor mechanism for the mediation of certain metabolic effects should be

considered.

The investigations of Sutherland and co-workers (118, 124, 125, 137-139),

have established that the phosphorylase-activating effect of the catecholamines

ill the liver and skeletal muscles is mediated via cyclic 3’ ,5’-AMP. This nucleo-

tide is formed by the stimulation of an enzyme or enzyme system-adenyl

cyclase-which is found in the cell membrane (36). According to Krebs et at.

(68) and Posner et at. (122) cyclic 3’ ,5’-AMP activates phosphorylase b kinase,

the enzyme which produces phosphorylase a from b. How the catecholamines

stimulate the cyclase activity is unknown. Belleau (11) has speculated on this

subject. Cyclic 3’ ,5’-AMP influences the activity of other enzymes besides

phosphorylase, among others l)hosphofructokinase (98) and the catecholamine-

sensitive triglyceride lipase (127). Its production is also stimulated by other

hormones. These subjects have recently been reviewed by Haugaard and Hess

(52) who also have discussed the relationship between metabolic and functional

effects of the catecholamines in the heart. Some of the metabolic effects of the

catecholamines can therefore be traced back to an increased production of

cyclic 3’ ,5’-AMP.

There are observations, however, which more indirectly indicate that the

stimulation of cyclic 3’ ,5’-AMP production may be of iniportance for mediation

of other adrenergic effects, such as calorigenic, va.sodilating, smooth muscle

relaxing, and cardiac stimulating effects. Adrenergic �3-receptor blocking drugs

inhibit the increased production of cyclic 3’ ,5’-Al\’IP (1 18), the phosphorylase
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activation (3, 61, 99, 111), and the calorigenic (89, 136, 143) and a-receptor

effects (17, 1 16, 123) provoked by catecholamines. I’�IethyIxanthines inhibit the

enzymatic inactivation of cyclic 3’ ,5’-AMP (29), and they have a positive

chronotropic and inotrol)ic effect on the heart (30). They relax smooth muscle,

stimulate the central nervous system, have a calorigenic effect (100), and stimu-

late phosphorylase activity (29, 55, 56). The methylxanthines also potentiate

and protract the cardiac stimulating (126), lipase activating (127), and smooth

muscle relaxing (86) effects of the catecholamines. Although the methylxanthines

may act in other ways too, this relationship is suggestive. Some objections may,

however, be raised against the hypothesis of a more general causative connection

between stimulation of adrenergic receptors and production of cyclic 3’ ,5’-AMP.

It seems hardly probable that any pharmacologic action of the catecholamines

caii be ascribed to one metabolic effect alone. It is more likely-as discussed in

more detail below-that several metabolic effects contribute, varying in iinpor-

tance according to the animal species, tissue, and catecholamine derivative.

The role of cyclic 3’ ,5’-AMP in the mediation of these metabolic effects has not

been generally demonstrated.

The evaluation of the role of cyclic 3’ ,5’-AMP as an intermediary in the

cardiac stimulating and smooth muscle relaxing effects of the catecholamines is

also rendered difficult by the incompleteness of our knowledge on the mechanisms

that regulate muscle contraction. The demonstration of a parallel between the

effect of the catecholamines on the production of cyclic 3’ ,5’-AMP and some of

their muscular actions is no proof of a relationship between these factors as

long as the mechanism underlying the influence of cyclic 3’ ,5’-AMP on the

function in question remains unknown. Cyclic 3’ ,5’-AMP can influence a number

of different enzymatic reactions in the body. Several metabolic reactions (in-

dicator reactions) which vary parallel with the content of cyclic 3’ ,5’-AMP in

the tissues can probably be demonstrated. These reactions need not necessarily

be those which provoke the pharmacological effects of the catecholamines, but

only parallel phenomena. Some caution should probably be observed when

interpreting the coiinection between concurrently varying effects induced by

catecholamines.

In the following, the metabolic processes which have beeii shown to provoke or

occur simultaneously with some of the pharmacodynamic effects of the cate-

cholamines will be discussed in more detail, and also the possible extent to which

these processes may be induced by stimulation of the production of cyclic

3’ ,5’-AMP.

CALORIGENIC EFFECTS

The calorigenic effects of the catecholamines have been reviewed previously

by Lundholm (73), Griffith (50), Ellis (40) and Lundholm and Mohme-Lundholm

(79).

The catecholainines have been shown under different conditions to stimulate

oxygen consumption in the liver (10, 131, 133), skeletal muscle (42, 90), cardiac

muscle (49, 134), smooth muscle (25), adipose tissue (96), and anterior pituitary
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(128). The mechanism responsible for the calorigenic effect is probably not the

same in all these tissues. There is reason to believe that in the liver and adipose

tissue it is induced by the stimulation of carbohydrate and lipid metabolism by

the catecholamines, i.e., that it is traceable to activation of phosphorylase and

lipase. The calorigenic effect of the catecholamines is inhibited by �3-blocking

agents (19, 89, 136, 143). Methyixanthines also have a calorigenic effect (100).

There is therefore both direct and indirect reason for believing that stimulation

of the production of cyclic 3’ ,5’-AMP can mediate at least some of the calorigenic

effects of the catecholamines.

In the following, the calorigenic effects of epinephrine (E) and norepinephrine

(NE) will be discussed separately, since the mechanisms for their actions are

probably not identical. The different ways in which the catecholamines may

produce a calorigenic affect is schematically shown in figure 1.

Epinephrine. In the rabbit under normal conditions an increase in lactic acid

production and its metabolism appears to be of importance for the calorigenic
effects of E (73). A quantitative and temporal correlation was shown between

the lactic acid content of the blood and this effect. Infusion of l(+) lactate in

such a quantity that the concentration of lactic acid in the blood was raised to

the same level as after E, provoked the same stimulation of oxygen consumption

as did E. Under conditions in which lactic acid oxidation was inhibited, no calori-

genie effect was seen. Ergotamine (73), yohimbine (102), chloroisoprenaline

(88), and pronethalol (143) inhibited the lactic acid production and calorigenic

effect of E to the same extent. In fed animals the calorigenic and lactic acid-

producing effects of E were greater than in fasted animals (93) . The relative

potencies of the calorigenic and lactic acid-producing effects of l-isoproterenol,

l-E and i-NE in rabbits were 1 : 9 : 120 (89). According to Svedmyr (140), thy-

roxine treatment in the rabbit potentiated the calorigenic and lactate-elevating

effects of E, but not its effects of increasing the concentration of blood sugar or

free fatty acid (FFA) in plasma. In thyroxine-treated rabbits the rate of lactate
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FIG. 1. Different mechanisms which may be of importance for the calorigenic action of

the catecholamines. For further information see the text.
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oxidation was increased (141). The calorigenic effect of NE was not potentiated

by thyroxine (140), but thyroidectomy (140) diminished the effects of E on

lactic acid production and oxygen consumption. The elevating effect of E on

plasma FFA in the rabbit was weak and transient, and was not correlated to the

calorigenic effect (143). Nicotinic acid, in a dose which selectively blocked the

lipolytic effect of E without influencing its effect on lactic acid production, had

no influence on the calorigenic effect either (94).

In the dog, according to Havel (53), the calorigenic effect of E was accom-

panied by stimulation of the carbohydrate metabolism but inhibition of fatty

acid oxidation.

In man, infusion of l(+) lactate, in such a dose that the same blood level was

reached as after E, provoked a calorigenic effect about one half of that caused

by E (144). Triiodothyronine potentiated the calorigenic and lactate-elevating

effects of E but riot the hyperglycemic effect, or the effect on the plasma FFA

(142). E doubled the oxygen consumption and blood flow of the liver and at the

same time increased the lactic acid extraction from the blood (10). E-infusion

also stimulated the oxygen consumption in forearm muscles by about 40 %

(90). This effect was already maximal after 3 mm infusion and was not correlated

to changes of the lactic acid or FFA content in the blood.

Norepinephrine. The calorigenic effect of NE in normal adult animals and

man is weaker than that of E (10, 74). NE has only a slight lactate-elevating

effect (32, 74, 92), but its influence of FFA content in plasma is more pronounced

than that of E when they are given by continuous intravenous infusion (53).

In man, Steinberg et al. (135, 136), and in the dog, Havel (53), showed that

the calorigenic effect of NE was accompanied by a marked increase of the turn-

over rate of FFA and the oxidation of infused palmitic acid-i-C”. The calorigenic

effect of NE was considered to arise partly a.s a result of increased oxidation of

FFA, since their plasma concentration rose, and partly as a result of reesterifica-

tion of the mobilized FFA. Carlsson and co-workers (30, 31, 45) found that

nicotinic acid selectively blocked the lipolytic effect of catecholammes. Nicotinic

acid reduced but did not abolish the calorigenic effect of NE in man (54) and

rabbit (94).

Hsieh and CarLssoii (62) showed that in cold-adapted rats the calorigenic

effect of NE was potentiated and exceeded that of E. The sympathetic nervous

system also mediated a calorigenic effect or “non-shivering thermogenesis” in

these animals (63). These effects have been verified both in rats (37, 51) and in

man (35, 65). The calorigenic effect of NE in the rat has been localized to the

skeletal muscles (37, 51), liver and other viscera (51), and brown adipose tissue

(19, 132). Since the lipolytic effect of NE was increased in cold-adapted rats and

its calorigenic effect was accompanied by a decrease of respiratory quotient

(51), it has been considered that the calorigenic effect of NE in cold-adapted rats

depends on an increased oxidation of lipids (51).

The calorigenic effect of NE is also increased in newborn animals (19, 115)

and babies (66). The effect disappears with age. It seems probable that this

response to NE is a manifestation of non-shivering thermogenesis (19), and it

has been assumed to be associated with the lipolytic effect of NE (115).
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The importance of the lipolytic action of NE for its calorigenic effect, however,

is not quite clear. The rate of oxidation of FFA of isolated tissues was shown to

be proportional to its concentration in the medium, but the total oxygen con-

sumption did not increase ; instead, the oxidation of other substrates decreased

so that the total oxygen consumption was unchanged (135). If the oxygen con-

sumption is stimulated by NE via some other mechanism than its lipolytic

action, it is clear that the oxidation of different substrates and also of FFA must

increase. A stimulation of FFA-mobilization may perhaps be necessary to

furnish substrate if there is a large increase in oxygen consumption. An increase

in the oxidation of FFA can certainly take place as a result of an increased oxygen

consumption but it is uncertain whether an increase in plasma FFA causes

increased oxygen consumption. It is debatable whether the lipolytic effect of NE

can provoke an increase of oxygen consumption as much as double the basal

value which has been observed in cold-adapted rats. Beyer (16) has pointed out

that a simple plethora of lipids or carbohydrates scarcely stimulates the oxygen

consumption. The calorigenic effect must be accompanied either with an in-

creased rate of ATP-hydrolysis or ATP-utilization or with some mechanism

which uncouples or by-passes the relation of oxidation to phosphorylation.

Havel (53) has pointed out that esterification of FFA is an ATP-uti�izing reaction

and that the augmented esterification of FFA resulting from their increased

mobilization probably accounts for part of the calorigenic effect of NE.

It is probable that NE and to a certain extent also E can stimulate oxygen

consumption by some other mechanisms than their glycogenolytic and lipolytic

effects. It is of interest in this connection that E reduced the content of high-

energy phosphate compounds in isolated rat diaphragm simultaneously with

stimulation of the carbohydrate metabolism (112). Methylxanthines also

stimulate metabolism in skeletal muscle and increase the hydrolysis of ATP

(100). The significance of an ATPase activation for the calorigenic effect of the

catecholamines should be studied more closely.

THE EFFECT OF E ON CARBOHYDRATE METABOLISM IN STRIATED

MUSCLE

The phosphorylase-activating effect of the catecholamines has been assumed

to explain its glycogenolytic action and stimulation of lactic acid production.

Lyon and Porter (97), however, found a mouse strain that lacked phosphorylase

a and phosphorylase b kinase. In spite of this deficiency, E stimulated the glyco-

genolysis to the same extent as in normal mice. Morgan and Parmeggiani (117)

have found that ATP is a strong inhibitor of the activating effect of AMP on

phosphorylase b. E can reduce the ATP concentration in isolated rat diaphragm

and also in smooth muscle (110, 112). It is therefore possible that E, via changes

in the ATP concentration, could influence the phosphorylase b activity and

thereby provoke a glycogenolytic effect.

The way in which the catecholamines stimulate cyclase activity and thereby

increase the production of cyclic 3’ ,5’-AMP is not understood. Tinder et at. (146)

found that the phosphorylase-activating effect of glucagon in the liver was

preceded by an increased elimination of K+. These observations may indicate
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FIG. 2. Influence of E (1 X 106M) on the phosphorylase a activity in percent of total

phosphorylase activity in isolated rat diaphragm. Na-E and Na-C: tests with and without

E in normal, glucose-free Krebs-Henseleits bicarbonate buffer media aerated with 95%

02 + 5% CO2 at 37#{176}C.K-E and K-C: tests with and without E in Krebs-Henseleits buffer
media where the Na� has been replaced by K�. Each point is the mean of 5 tests. The effect

of E on phosphorylase a activity although still significant in K�-Krebs-Henseleits buffer

media was reduced and its duration shortened in comparison with the effect in normal buf-
fer solution.

that an increase in permeability to K� is included among the reactions leading

to the phosphorylase-activating effect of the catecholamines. Lundholm et at.

(87) found that, if the Na� in the suspension solution was replaced by K�, the

phosphorylase-activating effect of E was reduced and its duration shortened

(fig. 2). These findings suggest a relation of the activation of an enzymatic

process to permeability changes and ionic movements through the cell membrane.

VASODILATING EFFECT

The vasodilating effect of the catecholamines, like the calorigenic effects, can

be provoked by means of different mechanisms. Traditionally the dilating effect

is ascribed to stimulation of $-receptors in the vascular smooth muscle. This

mechanism is probably mainly of importance, however, for part of the dilating

effect of isoproterenol and ‘ ‘adrenaline-reversal” after adrenergic a-blocking

drugs ; in these cases it can be shown that isolated vessels (having no contact

with surrounding tissue) are relaxed by E (15, 46, 85). But E neither relaxes

skeletal muscle vessels when they are isolated nor dilates them on local applica-

tion to the vessel wall (20, 48, 75), although the same vessels relax on intravenous

injection of E. The only isolated vessels which are relaxed by E without previous

administration of adrenergic a-blocking drugs are coronary vessels from certain

animals, but since these are not constricted by the catecholamines even in high

concentrations, they probably lack a-receptors which mediate constriction (81).

In other isolated vessels the contracting effect of E arid NE probably pre-

dominates over the relaxing tendency so that relaxation is not apparent until

the a-receptors have been blocked.

The stimulation of metabolic processes in the tissues supplied by particular

vessels is often of greater importance for the vasodilating effect of the cate-

cholamines than a direct action on �3-receptors in the smooth muscle of these
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FIG. 3. Different mechanisms by which the catecholamines may induce vasodilatation.

The vasodilating effect is antagonized by the vasoconstrictive action and there is a balance

between these two effects of the catecholamines. For further information see the text.

vessels. It is probable that the calorigenic effects of the catecholamines are

associated with an increase in the nutritive blood flow. The rise of lactic acid

concentration in the tissues which is induced by the glycogenolytic action is also

probably of importance for the vasodilating effect, via an increase in pCO2 in

the tissues (75). In the following, the vasodilating effects of E, NE, and iso-

proterenol are discussed separately. In figure 3 the different mechanisms dis-

cussed in the following are schematically presented. There often exists a balance

between the vasodilating and vasoconstricting effects of the catecholamines, as

indicated in this figure.

Epinephrine. Lundholm (75) found in the cat that the dilating effect of E in

skeletal muscle was accompanied by an increase in lactic acid production, while

the oxygen consumption in the muscle did not increase. On intraarterial ad-

ministration of the same quantity of lactic acid as was formed on E infusion, a

vasodilatation was provoked, the duration and magnitude of which were similar

to those noted after E. Inhibition of the lactic acid-producing effect of E by Cu�

or NaF changed its dilating effect to a constricting action. The vasodilating effect

was better correlated to the increase in CO2 production than to the increase in

lactic acid formation. It was considered that the direct cause of the dilating

effect of E was increased pCO2 in the tissues resulting from the fact that CO2

was liberated from the tissue bicarbonate by lactic acid. This hypothesis was

supported by experiments of Gosselin (47), who found that an increase in pCO2

had a vasodilating effect in the skeletal muscle of the cat. An increase of the

lactic acid concentration had no such effect.
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In further experiments in the cat Lundholm (83) found a marked parallel

between the depressor effect of E and its stimulation of lactic acid production.

E given in doses which had a vasoconstrictive-hypertensive effect, however,

also stimulated lactic acid production. If the a-effect was blocked with dihydro-

ergotamine, the stimulation of lactic acid production remained almost unchanged

and an adrenaline-reversal occurred. When subsequently the lactic acid produc-

tion was blocked with Cu� or NaF, the vasodilating effect also disappeared.

In experiments in man Barcroft and Cobbold (9) found a parallel between the

dilating effect of E in the forearm, and the lactic acid concentration in the blood.

Dc La Lande et al. (33), Allwood and Cobbold (4), and Baltzan et at. (8) showed

that E increased lactic acid elimination from the forearm. This effect was not

influenced by dibenzyline, but instead the vasodilating effect of E was augmented

(4). De La Lande and Whelan (34), however, observed no dilating effect on infu-

sion of sodium lactate or lactic acid solution with a pH of 3.3 (=0.0003 N).

Lundholm and Svedmyr (90) found that the vasodilating effect of E in the fore-

arm was accompanied by stimulation of both the lactic acid production and

the oxygen consumption of the muscle. The latter increased by about 40 %. To

be able to reproduce the lactic acid-producing effect of E in the forearm by intra-

arterial infusion of lactic acid into the brachial artery, it was calculated that

approximately 1.2 ml of 0.1 N lactic acid had to be infused per minute. The

quantities of lactic acid used by De La Lande and Whelan (34) were therefore

probably too small. Lundholm and Svedmyr (90) found also an increase in CO2

production in the forearm during infusion of E. The pCO2 increased in both the

arterial and venous blood, and this effect was considered to be, at least in part,

the immediate cause of the vasodilating effect of E. All these metabolic effects

and the vasodilating effect of E were blocked by pronethalol (95).

Beam et at. (10) found in man that the blood flow, oxygen consumption, and

lactic acid extraction of the liver increased on infusion of E. In experiments on

rabbits (77), infusion of sodium lactate induced the same percent increase of

the cardiac output and oxygen consumption without change of blood pressure.

Infusion of lactic acid, however, induced an increase of the cardiac output (with

no change in mean blood pressure) which was greater than the increase in oxygen

consumption, and this dilatating action was ascribed to an increase of the pCO2

in the tissues.

Norepinephrine. The glycogenolytic and calorigenic effects of NE are in gen-

eral considerably weaker than those of E. This can probably explain the usual

weaker vasodilating effect of NE (77). In those cases where NE has a pronounced

metabolic effect, it also has a vasodilating action. Evonuck and Harmon (44)

found that in normal rats NE increased the average peripheral resistance and

very slightly affected oxygen consumption. In experiments on rats adapted to

cold, in which NE considerably increased oxygen consumption, the peripheral

resistance was reduced. NE stimulates the oxygen consumption of adipose

tissue, especially the brown adipose tissue, and induces vasodilatation there

(76, 120).

Isoproterenol. The glycogenolytic and calorigenic effects of isoproterenol are
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considerably stronger than those of E. Isoproterenol can also relax isolated

vessels, probably by means of selective stimulation of �3-receptors in the vascular

smooth muscles (46, 85). Only in very high concentrations does isoproterenol

have a vasoconstrictive action. These circumstances can probably explain the

stronger vasodilating effect of this drug in relation to that of E. The relative

significance of this contributory factor in the individual case is not yet clear.

In the rabbit a parallel was found between the vasodilating effect of isoproterenol

in skeletal muscle, and its stimulation of lactic acid production (89). In man

isoproterenol had a pronounced vasodilating effect in the forearm in doses which

only slightly stimulated the lactic acid production but which had a definite

calorigenic effect (95).

SMOOTH MUSCLE

Traditionally, the contractile action of catecholamines in smooth muscle has

been regarded as an a-receptor effect, and the relaxant action a �9-receptor effect

(1). It is probable, however, that as a rule both a- and $-receptors are stimulated

in smooth muscle that is contracted by catecholamines, although the relaxant

effect of the $-receptors does not become apparent until the a-receptors have

been blocked (83, 108). In intestinal smooth muscle the a-receptors can also

mediate a relaxant effect (1, 2, 21, 72). Smooth muscles from different organs

and species exhibit considerable physiological differences. Hence the relationships

between the metabolic and functional effects of the catecholamines in smooth

muscle are complicated. Since our knowledge of the reactions which provoke

contraction or relaxation in smooth muscle is incomplete, the relationship

between metabolic reactions and these effects is difficult to interpret. A marked

parallel between the metabolic and relaxing effects of the catecholamines in

smooth muscle has been demonstrated, however (6, 7, 22, 26, 101, 103, 105, 106).

Methylxanthines relax smooth muscle and stimulate its carbohydrate metab-

olism (86, 105). Also in certain cases they potentiate the relaxant effect of the

catecholamines (86), and this may indicate that cyclic 3’ ,5’-AMP plays a role

in this connection. In the following, the metabolic processes associated with the

contractile and relaxing effects of the catecholamines will be discussed. The sug-

gested mechanisms are schematically presented in figure 4.

Contractik effect. The contractile effect of E on isolated vascular smooth muscle

was accompanied, under anaerobic and aerobic conditions, by stimulation of

lactic acid production (104). The stimulation of metabolism was considerably

greater on isometric than on isotonic contraction (105). If the contraction was

inhibited by dihydroergotamine or by suspending the muscle in ion-free (6 % dex-

tran) solution (93) or Ca�-free solution (85), lactic acid production was stimu-

lated to approximately the same extent as during isotonic contraction. E con-

tracted K+�depolarized vascular muscle and stimulated its lactic acid production

(85). Isoproterenol stimulated the lactic acid production without contracting

the muscle, but a muscle that was contracted with K+ relaxed. The stimulation

of carbohydrate metabolism by isoproterenol was inhibited by pronethalol (85).

Catecholamines thus stimulate the carbohydrate metabolism in vascular muscles
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FIG. 4. Schematic presentation of the metabolic effects of the catecholamines in smooth

muscle. Stimulation of the a-receptors may lead to a more generalized increase of the per-

meability to ions and depolarization of the membrane. In the presence of Ca� the muscle

contracts. If the permeability increases selectively to K�, as in intestinal smooth muscle,

the membrane may be hyperpolarized and the muscle relax. Selective stimulation of fl-re-

ceptors may increase the metabolism and in different ways lead to a relaxing effect. If the
a- and fl-receptors are simultaneously stimulated the action of the former dominate, but the

stimulation of the metabolism through fl-receptors delivers ATP to the contractile effect.
For further information see the text.

partly via the contraction process, an effect most pronounced on isometric
contraction, and partly via a more direct mechanism.

The effect of catecholamines on lactic acid production in vascular smooth

muscle was not accompanied by increased glycogenolysis (84), although in the

presence of glucose glycogen synthesis was stimulated, and phosphorylase

activity was not increased (107). In vascular smooth muscle, however, about

4 millimoles of lactate per g muscle were formed from other sources than glycogen

(80). Even in the absence of glucose, E increased the concentration of hexose

phosphates in the vessel musculature and probably stimulated the phosphofruc-

tokinase reaction (14). These effects on carbohydrate metabolism were noted

even when the contractile effect of E had been blocked by dihydroergotamine

and E had a relaxing effect on the muscle (15).

The contractile effect of E on the vascular smooth muscle �va.s combined with

a decrease of the content of energy-rich phosphate compounds (adenosine tn-

phosphate and creatine phosphate) (13). This decrease was of the order of magni-
tude which from thermoelectric measurements could be estimated to occur on

contraction of smooth or striated muscle (18, 57, 58). When the contraction

process was blocked by dihydroergotamine, E increased the concentrations of

ATP and creatine phosphate in the vessel musculature, which then relaxed (15).

It is probable that catecholamines stimulate the carbohydrate metabolism in

vascular smooth muscle partly by means of the contraction process (a-receptor
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stimulation) and partly via a separate mechanism, possibly associated with

/3-receptor stimulation. Stimulation of the carbohydrate metabolism is not

accompanied by increased glycogenolysis or phosphorylase activation, but de-

spite this there is an increase of the concentration of hexose phosphates in the

muscle.

Relaxing effect. The relaxing effect of the catecholamines on smooth muscle

was shown by Mohme-Lundholm (101, 103, 105) to be accompanied by stimula-

tion of the carbohydrate metabolism. The relaxing effects of the catecholamines

and their stimulation of lactic acid production ran parallel in isolated rabbit

intestme, guinea pig uterus, and tracheal muscle. Glycolysis-inhibiting sub-

stances and adrenergic blocking agents inhibited both the metabolic and the

relaxing effects of E. Lactic acid, in the same concentration as was formed by E,

relaxed the muscle when added to the suspension solution. Like E, 11+ in a low

concentration inhibited the action potentials in taenia coli and relaxed the

muscle (110). Higher concentrations of H+ also hyperpolanized the membrane.

The lactate ion, on the other hand, had a depolarizing and contractile effect.

In K�-depolarized taenia coli the E effect was almost completely blocked, and

H� had a contractile action (114).

Axelsson et at. (7) found that removing and readmitting glucose had a striking

similarity to the action of E on the electrical and mechanical activity of taenia

coli from guinea pig.

The question of whether the stimulation of lactic acid production by E was

associated with a glycogenolytic effect has also been studied (78). In smooth

muscle relaxed by E, a glycogenolytic effect has been shown (41 , 70, 78, 145),

but the lactic acid production, in the absence of glucose, was greater and occurred

more rapidly than the glycogen breakdown (78). As in vascular smooth muscle,

considerable quantities of lactic acid were formed from other sources than gly-

cogen (80), and these pathways were probably stimulated by E. Only in case of

extreme substrate deficiency were the magnitudes of glycogenolysis and lactic

acid production on an equal level (106). The glycogenolytic action of E in smooth

muscle suggested that it could have a phosphorylase-activating effect in this

tissue. Several investigators have demonstrated such an effect (5, 6, 38, 70, 71,

107). Axelsson et al. (6) found a very close relationship among the phosphorylase-

activating, relaxing, and hyperpolarizing effects of E in taenia coli from the

guinea pig. Bueding et al. (24) later found, however, that the relaxing arid phos-

phorylase-activating effects of E could be dissociated in this muscle. E in low

concentrations relaxed the muscle without activating phosphorylase. Chloro-
isoprenaline also showed a selective blocking action on the �)hosphorylase-acti-

vating effect.

i\Iohme-Lundholm (109) studied phosphorylase in smooth muscle (tracheal

muscle from the cow) and the factors which influenced its activity. Phosphorylase

a and b were demonstrated, and also inactive and active phosphorylase-b-kinase.

Inactive phosphorylase-b-kinase was activated, as in skeletal muscle (68), by

cyclic 3’ ,5’-AMP, Ca�+, and an increase in pH. Bueding et al. (22) have shown

that E increased the concentration of cyclic 3’ ,5’-AMP in taenia coli. It is there-
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fore probable that E increases the phosphorylase activity in smooth muscle via

cyclic 3’ ,5’-AMP.

As a result of stimulation of metabolism, catecholamines can increase the

concentration of ATP in smooth muscle. This effect was first demonstrated by

Lange (69) in rabbit gastric muscle, and later also, under certain conditions, in

inesenteric arteries (79, 82). E can also increase the ATP content in taenia coli

from guinea pigs, as was first shown by Bueding et at. (22, 23). The magnitude of

this effect was dependent upon the length of the muscle. The ATP-increasing

action of E in taenia coli from the guinea pig was noted as an initial effect (within

30 sec) during the summer months (July-August). During the winter (November-

December), on the other hand, the initial effect on the ATP concentration was

a reduction, and this was not superseded by an increase until after incubation

for 10 mm. In human taenia coli, E provoked an initial ATP increase during the

winter months also (January-February). Even when E reduced the ATP con-

tent, the muscle relaxed (1 10). In taenia coli therefore, as in mesenteric arteries,

E has both an elevating and a reducing effect on the content of energy-rich

phosphate compounds. Seasonal changes in the carbohydrate metabolism of

vascular smooth muscle have been observed (80) . There was a maximum in lactic

acid production during the winter and a minimum during the summer months.

It may be possible that these changes in the metabolism of smooth muscles are

acclimatization phenomena and a part of “nonshivering thermogenesis.”

Burnstock (27), Bueding and BUlbring (22), and BUlbring (26) considered that

the increase of the ATP content in the muscle stimulates the Na-K pump in the

cell membrane and thereby hyperpolarizes the membrane so that the action

potentials are inhibited and the muscle is relaxed. This effect has also been con-

sidered of importance for the fixation of Ca� to the membrane. Digitalis gly-

cosides, which inhibit the Na-K pump, did not, however, inhibit the relaxing

effect of E, and such an effect appeared even when the ATP concentration

decreased (1 10). The hyperpolarizing effect of the catecholamines on the taenia

coli has also been explained by another mechanism. Burnstock et at. (12, 28)

found that on stimulation of inhibitory nerves to the taenia coli, the membrane

was hyperpolanized and the muscle relaxed. The magnitude of the hyperpolariza-

tion varied with the external K� concentration. They believed that this effect

was due to a selective increase in permeability of the membrane of K+. Jenkinson

and Morton (64) showed that NE increased the effiux of radioactive K� from

taenia coil but did not affect the uptake of Nat. The effect of NE was blocked

by phentolamine but not by pronethalol. Isoproterenol had a more pronounced

relaxing effect on K�-depolarized taenia coli than NE, but no effect on the K�

efflux. Its effect was inhibited by pronethalol. These authors suggested that

NE could induce a relaxing effect by stimulation of a-receptors leading to a

selective increase in permeability to K�, while the relaxing effect of the iso-

proterenol could be ascribed to $-receptor stimulation and a metabolic effect.

These observations are of great interest, but it should be pointed out that even

the effect of the catecholamines on the K�-permeabiity may be associated with

an action on the carbohydrate metabolism (see above).
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Schild and co-workers (43, 129, 130) have shown that catecholamines can

relax K�-depolarized smooth muscles. None of the hypotheses hitherto discussed

(fig. 4) regarding the actions of the catecholamines-which may be of importance

in the polarized muscle-are able to explain the relaxing effect in depolarized

muscle. E antagonized the contracting effect of Ca� on depolarized taenia coli

(130). In high concentrations Ca� also blocked the relaxing and metabolic

effects of E in polarized muscle (104). Schild (130) suggested that catecholamines

produce contraction or relaxation of smooth muscle according to whether they

raise or lower the intracellular free calcium level. Uchida and Mommaerts (147)

found that cyclic 3’ ,5’-AMP in low concentrations inhibited the contracting

effect of ATP, Mg�, and low Ca� on actomyosin ; this inhibition was overcome

by Ca� in higher concentrations. Honig and Van Nierop (59) reported that

cyclic 3’ ,5’-AMP and a protein functioned as a cardiac relaxing system. These

effects of cyclic 3’ ,5’-AMP were, however, later found not to be reproducible

(60, 114).

In summary it may be said that many factors favor the view of a close rela-

tionship between the relaxing and metabolic effects of the catecholamines in

smooth muscle. It is not clear, however, how this relationship functions and

among the unsolved problems is that how the relaxing effect of the catechol-

amines is induced in K+�depolarized muscle.

CONCLUDING REMARKS

Catecholamines induce metabolic effects in different organs. The nature and

strength of these effects is dependent upon the catecholamine derivative, animal

species, and organ system. Considerable variations in metabolic activity may

occur even in the same individual, under different conditions. There is no general

indicator of the metabolic activity of the catecholamines; this has to be deter-

mined in each individual case.

A number of facts indicate that a causative relationship exists between the

phosphorylase-activating effects of the catecholamines and its calorigenic, vaso-

dilating, and respiration-stimulating actions. The lipolytic effect is aLso probably

of importance for these actions. It is highly probable that the phosphorylase-

activating effect of the catecholamines can be traced back to an increase in the

production of cyclic 3’ ,5’-AMP, and there is some probability that the same

holds for the lipase-activating effect. The biochemical background of certain of

the pharmacological effects of the catecholamines can therefore be localized. In

both smooth and striated muscle, however, the catecholamines induce metabolic

effects, the dependence of which on an increased production of cyclic 3’ ,5’-AMP

has not yet been investigated. The pharmacologic effects of the methyixanthines,

which inhibit the enzymatic destruction of cyclic 3’ ,5’-AMP, and likewise their

ability to potentiate the action of the catecholamines in certain cases, may sug-

gest a relationship between stimulation by the catecholamines of cyclic 3’ ,5’-

AMP production, their metabolic effects, and their stimulation of �3-receptors,

i.e., their relaxing effect in smooth muscle and stimulating effect on cardiac

muscle. The blockade by the adrenergic $-blocking agents of these effects of the
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catecholamines also points to such a relationship. Owing to the incompleteness

of our knowledge on the reactions which regulate muscle contraction and relaxa-

tion, however, it cannot be stated at present whether there is a causative rela-

tionship between these effects or whether they are parallel phenomena.

The phosphorylase-activating effect of the catecholamines in the liver is

accompanied and possibly preceded by an efflux of K+. Since the phosphorylase-

activatmg effect of E is reduced in isotonic K� solution it is possible that perme-

ability changes and ionic movements through the cell membrane may be of

importance for the phosphorylase-activating effect of the catecholamines. This

may indicate a relationship between the action of the catecholamines on mem-

branes and their enzyme-activating effects.

REFERENCES

1. AHLQUIBT, R. P. : A study of the adrenotropic receptors. Amer. J. Phy8iol. 153: 588-600, 1948.

2. AHLQU1ST, R. P. AND LEVY, B. : Adrenergic receptive mechanism of the canine ileum. J. Pharmacol. 127: 146-149,
1959.

3. ALl, H. J. , EL, 5., ANT0N10, A. AND HAUOAARD, N. : The action of sympathetic amines and adrenergic blocking

agents on tissue phoephorylase activity. J. Pharmacol. 145: 142-150, 1964.

4. Au�wooD, M. J. AND COBBOLD, A. F. : Lactic acid release by intraarterial adrenaline infusions before and after

dibenyline and its relationship to blood-flow changes in the human forearm. J. Physiol. 157: 328-334, 1961.

5. AXELBSON, J., BL’EDING, E. AND BULBEINO, E. : The action of adrenaline on phosphorylase activity and menl-
brane potential of sniooth muscle. J. Physiol. 148: 62-SIP, 1959.

6. AXELSSON, J., BUEDING, E. AND BCLBBING, E. : The inhibitory action of adrenaline on intestinal smooth muscle
in relation to its action on phosphorylsee activity. J. Physiol. 156: 357-374, 1961.

7. AXELSSON, J., HOGBERG, 5. G. R. AND TLMMS, A. R. : The effect of removing and readmit�ing glucose on the

electrical and mechanical activity and glucose and glycogen content of intestinal smooth muscle from the taenia

coli of the guinea pig. Acta physiol. scand. 64: 28-42, 1965.

8. BALTZAN, M. A., ANDREa, R., CADER, G. AND ZIERLER, K. L. : Effects of epinephrine on forearm blood flow and
metabolism in man. J. din. Invest. 44: 80-92, 1965.

9. BARCBOFT, H. AND COBBOLD, A. F. : The action of adrenaline on muscle blood flow on blood lactate in man. J.

Physiol. 132: 372-378, 1956.

10. BEARN, A. 0., B�u�INo, B. AND SHERLOCK, S. : The effect of adrenaline and noradrenaline on hepatic blood flow
and splanchnic carbohydrate metabolism in man. J. Physiol. 115: 430-441, 1951.

II. BELLEAU, B. : Relationships between agonists and receptor sites. In: Adrenergic Mechanisms, Ciba Foundation
Symposium, ed. by J. R. Vane, G. E. W. Wolat.enholme and C. M. O’Connor, pp. 223-245, Little, Brown and
Co., Boston, 1960.

12. BzNNET, M. R., BURNSTOCa, G. AND HOLMAN, E. M. : The effect of potaasium and chloride ions on the inhibitory
potential recorded in the guinea pig taenia coli. J. Physiol. 169: 33-34P, 1963.

13. BEvIz, A., LUNDHOLM, L., MOHME-LtTNDHOLM, E. AND VAMOS, N. : Hydrolysis of adenosintriphosphate and

creatinphoephate on isometric contraction of vascular smooth muscle. Acta physiol. scand., in press, 1965.

14. BEVIZ, A. AND MOHME-LUNDHOLM, E. : The effect of adrenaline on the hexosephosphate content of vascular
smooth muscle. Acts physiol. scand. 62: 109-114, 1964.

15. BEvIz, A. AND MOHME-LUNDHOLM, E. : Influence of dihydroergotamine and adrenaline on the concentration of
glucose-6-phoephate, fructoee-6-phoephate, adenceinetriphosphate and creatinephosphate in bovine mesenteric

artery. Acts physiol. scand., in press, 1965.

16. BEYER, R. E. : Regulation of energy metabolism during acclimation of laboratory rats to a cold environment.
Fed. Proc. 22: 874-877, 1963.

17. Bi..aca, J. W. AND STEPHENSON, J. S. : Pharmacology of a new adrenergic receptor blocking compound (Nethalide).

Lancet II: 311-314, 1962.
18. BOZLER, E. : The heat production of smooth muscle. J. Physiol. 69: 442-462, 1930.

19. BRUCK, K. AND WCNNzNBERG, B. : Untersuchungen fiber die Bedeutung des multilokuiSren Fettgewebes f#{252}r
die Thermogenese des neugeborenen Meerschweinchens. P511g. Arch. gas. Physiol. 283: 1-16, 1965.

20. BRUN, G. C. : Mechanism of the vasoconstrictor action of ephedrine. II. Interaction between ephedrine and
adrenaline. Acta pharni. tox., Kbh. 3: 239-251, 1947.

21. BUCKNELL, A. AND WHITNEY, B. : A preliminary investigation of the pharmacology of the human isolated taenia
coli preparation. Brit. J. Pharmacol. 23: 164-175, 1964.

22. BUEDING, E. AND BfYLBRINO, E. : The inhibitory action of adrenaline: biochemical and biophysical observations.
In: Pharmacology of Smooth Muscle, pp. 37-56, Pergamon Press, London 1964.

23. BUEDING, E., BOLBRING, E., GERCaEN, G. AND KURIYAMA, H. : The effect of adrenaline on the adenosinetri-

phosphate and creatinphosphate content of intestinal smooth muscle. J. Physiol. 166: 8-9P, 1963.



LUNDHOLM, MOHME-LUNDHOLM AND SYEDMYR 269

24. BUEDINO, E.. BULBEING, E., KURIYAMA, H. AND GERCKEN, G. : Lack of activation of phosphorylase by adren-

eErie during its physiological effect on intestinal smooth muscle. Nature, Lond. 196: 944-946, 1962.
25. BtILBRING, E.: Measurement of oxygen consumption in smooth muscle. J. Physiol. 1.22: 111-134, 1953.

26. BULBEINO, E. : Biophysical changes produced by adrenaline and noradrenaline. In: Adrenergic Mechanisms, Ciba
Foundation Symposium, ad. by J. R. Vane, G. E. W. Wolatenholme and C. M. O’Connor, pp. 276-286. J. & A.
Churchill, Ltd., London, 1960.

27. BuaNsroca, G. : The action of adrenaline on excitability and membrane potential in the taenia coli of the guinea-

pig and the effect of DPN on this action and on the action of acetylcholine. J. Physiol. 143: 183-194, 1958.
28. BUEN5TOCK, G., CAMPBELL, G., BENNETr, M. AND HOLMAN, M. E. : Inhibition of the smooth muscle of the taenia

coil. Nature 200: 581-582, 1963.

29. BUTCHER, R. W. AND SUTHERLAND, E. W. : Adenosine 3’,S’-phosphate in biological materials. I. Purification and

properties of cyclic 3’-S’-nucleotide phoephodiesterase and rise of this enzyme to characterize adenceine 3’S’-
phosphate in human urine. J. bioL Chem. 237: 1244-1260, 1962.

30. CAELSON, L. A. : Studies in the effect of nicotinic acid on cateeholamine stimulated lipolysis in adipose tissue
in vitro. Acta med. scand. 173: 719-722, 1963.

31. CARLSON, L. A. AND OaO, L. : The effect of nicotinic acid on plasma free fatty acids. Demonstration of a metabolic

type of sympathicolysia. Acta med. scand. 172: 641-645. 1962.

32. COBBOLD, A. E., GINSBURG, J. AND PATON, A. : Circulatory, respiratory and metabolic responses to isopropylnor

adrenaline in man. J. Physiol. 151: 539-550, 1960.

33. DR LA LANDE, I. 5., MANSON, i. PARKS, V. J., SANDISON, A. G., SKINNER, S. L. AND WHELAN, R. F. : The local
metabolic action of adrenaline on skeletal muscle in man. J. Physiol. 157: 177-184, 1961.

34. Da LA LANDE, I. 5. AND WHELAN, R. F. : The role of lactic acid in the vasodilation action of adrenaline in the hu-

man limb. J. Physiol. 162: 151-154, 1962.

35. DAvis, R. A. T. : Nonshivering thermogenesis. Fed. Proc. 22: 777-782, 1963.

36. DAVOREN, P. R. AND SUTHERLAND, E. W. : The cellular location of adenyl cyclase in the pigeon erythrocyte.

J. biol. Chem. 238: 3016-3023, 1963.

37. D�POCAS, F. : The calorigenic response of cold-acclimated white rats to infused noradrenaline. Canad. J. Biochem.

Physiol. 38: 107-114, 1960.

38. DIAMOND, J. AND BRODY, M. TH. : Phosphorylase activity in rat uterus after catecholamine administration
Biochem. Pharmacol. 14: 7-16, 1965.

39. DORNH0RST, A. C. AND ROBINSON, B. E. : Clinical pharmacology of a beta-adrenergic-blocking agent (Nethalide).

Lancet II: 314-316, 1962.

40. ELLIS, S. : The metabolic effects of epinephrine and related amines. Pharmacol. Rev. 8: 485-662, 1956.
41. ELLIS, 5., MCGILL, J. AND ANDERSON, H. L. : Effects of epinephrine on glycogenolysis and glucoee-6-phoephate

in various tissues. Fed. Proc. 16: 294, 1957.

42. EULER, U. 5. v. : Action stimulante peripherique de l’adrenaline sur le metabolism cellulaire. CR. Soc. Biol.
Paris 180: 246-249, 1931.

43. EVANS, D. H. L. , SCHILD, H. 0. AND THESLEFF, S. : Effects of drugs on depolarized plain muscle. J. Physiol.

143: 474-485, 1958.

44. EVONUCK, E. AND HANNON, J. P. : Cardiovascular and pulmonary effects of noradrenaline in the cold-acclimatized
rat. Fed. Proc. 22: 911-916, 1963.

45. FROBERG, S. AND OaO, L. : The effects of nicotinic acid, phentolamine and nethalide on the plasma free fatty

acids and the blood pressure in the dog. Acta med. scand. 174: 635-641, 1963.

46. Fuacsioarr, R. F. : Pharmacology of vascular smooth muscle. Pharulacol. Rev. 7: 183-265, 1955.

47. GOSSELIN, R. F. : Mechanism of epinephrine-induced vasodilation. Fed. Proc. 21: 177, 1962.
48. GRANT, R. T. : Direct observation of skeletal muscle blood vessels (rat creznaster). J. Physiol. 172: 12�-137, 1964.

49. GREMELS, H. : t�ber die Steuerungen der energetiachen Vorgange and SAugetierherzen. Arch. exp. Path. Pharmak.

182: 1-54, 1936.

50. GRWFITh, F. R. J. : Fact and theory regarding the calorigenic action of adrenaline. Physiol. Rev. 31: 151-187, 1951.

51. HANNON, J. P., EvoNuca, E. AND LARSSON, M. A. : Some physiological and biochemical effects of norepinephrine
in the cold-acclimatized rat. Fed. Proc. 22: 783-787, 1963.

52. HAUGAARD, N. AND H �ss, M. E. : Actions of autonomic drup on phosphorylase activity and function. Pharmacol.
Rev. 17: 27-69. 1965.

53. HAVEL, R. 5. : Catecholamines. In: Lipid Pharmacology, pp. 357-380, Academic Press, Inc., New York, 1964.

54. HAVEL, R. J., CARLSSON, L. A. AND EXELUND, L. G. : Studies on the relation between mobilization of free fatty

acids and energy metabolism in man: effects of norepinephrine and nicotinic acid. Metabolism, 13: 1402-1412,

1964.

55. Hzss, M. E. AND HAUOAARD, N. : The effect of epinephrine and aminophylline on the phosphorylase activity of

perfused contracting heart muscle. J. Pharmacol. 1.22: 169-175, 1958.

56. Hass, M. E., HOTrENSTEIN, D., SHANFELD, J. AND HAUGAARD, N. : Metabolic effects of theophylline in cardiac
and skeletal muscle. J. Pharmacol. 149: 274-279, 1963.

57. HiLL, A. V. : A challenge to biochemists. Biochim. biophys. Ante. 4: 4-11, 1949.

58. Hiu�, A. V. : The relation between force developed and energy liberated in an isometric twitch. Proc. Roy. Soc. B.
149: 58-62, 1958.

59. HONIG, C. R. AND VAN NIEROP, C. : The possible relationship between 3’,S’-AMP and soluble cardiac relaxing

substance. Physiologist 6: 203, 1963.



270 SECTION II. METABOLIC EFFECTS OF CATECHOLAMINES

60. HoNIo, C. R. AND VAN Nixaop, C. : The possible relationship between cardiac relaxing substance and cyclic

adenosine 3’S’-monophosphate. Biochim. biophys. Acts. 84: 355-360, 1964.

61. HoaNaRooR, K. R. AND BRODY, T. M. : Phcsphcrylase activity in rat liver and skeletal muscle after cstechcla-

mine.. Biocheni. Pharmacol. 12:1407-1415,1963.

62. Hsi�u, A. C. L. �tiw CARLSSON, L. D. : Role of adrenaline and noradrenaline in chemical regulation of beet pro-

duction. Amer. J. Physiol. 190: 243-247, 1957.

63. HeIzn, A. C. L., CARLSON, L. D. AND Ga.&r, 0. : Role of the sympathetic nervous system in the control of chemi-

cal regulation of heat production. Amer. J. Physiol. 190: 247-251, 1957.

64. JSNXINSON, D. H. AND MORTON, J. K. : Effects of noradrenaline and isoprensline on the permeability of de-
polarized intestinal smooth muscle to inorganic ions. Nature 205: 505-506, 1965.

65. JoY, R. J. T. : Responses of cold-acclimatized men to infused norepinephrine. J. appL Physicl. 18:1209-1212,1963.

66. KARLBERG, P., Mooas, R. E. AND OLwzR, T. K. : The therinogenic response of the newborn infant to noradren-

slime. Acta paediat., Stockh. 51: 284-292, 1962.

67. KENNEDY. B. L. AND Enus 5. : Interactions of sympathomimetic amines and adrenergic blocking agents at

receptor sites mediating glycogenolyeis. 1. Fed. Proc. 22: 449, 1963.

68. Kasas, E. 0., GRAvES, D. J. AND Fzscisaa, E. H. : Factors affecting the activity of muscle phoephorylase b
kinase. J. biol. Chem. 234: 2867-2873, 1959.

69. LANGE, G. : Untersuchungen an glatter Muskein Uber Anderungen liii Gehalt an Adenceinetriphosphat, Adeno-

sinemonophoephat und Kreatinphosphat bei der Kontraktio und bei der Erschlaffung. Biochem. Z. 326: 369-379.

1955.

70. LEONARD, S. L. : Effect of epinephrine on phoephorylase and glycogen levels in the rat uterus. Endocrinology 71:
803-809. 1962.

71. LEONARD, 5. L. AND Ca�ram.u., M. : Hormonal stimulation of phosphorylase activity in rat uterus in vitro.

Endocrinology 73: 807-815, 1963.
72. Lmi, B. K. B. AND KERMANI, M. H. : Selectiveloss of response to a-adrenergic agents following cold storage of the

rabbit jejunum. Fed. Proc. 22: 449, 1963.

73. LUNDHOLM, L. : The effect of adrenaline on the oxygen consumption of rssting animals. Acta phyeioL 19: (euppl

67) 1-139, 1949.

74. Lu�eDnoLM, L.: The effect of l-noradrenaline on the oxygen consumption of rssting animals. Acta physioL acand.

21: 196-204, 1950.

75. LUNDHOLM, L. : The mechanism of the vasodilator effect of adrenaline. Acts physiol. acand. 3�: (auppi. 133) 1-156,
1956.

76. LUNDHOLM, L. : Influence of anesthetics on depressor, preasor and lactic acid stimulating effect. of adrenaline.

Acta physiol. acand. 40: 344-366, 1957.

77. Luanaoi.ai, L. : Influence of adrenaline, noradrenaline, lactic acid and sodium lactate on the blood pressure and

cardiac output in unansethetized rabbits. Acta physiol. ecand. 43: 27-50, 1958.
78. LUNDH0LM, L. AND MOBME-LUNDBOLM, E. : The effect of adrenaline on the glycogen metabolism of smooth

muscle. Acta physiol. acand. 38: 237-254, 1957.
79. Lurmaout, L. AND MOHME-LUNDHOLM, E. : The action of adrenaline on carbohydrate metabolism in relation

to some of its pharmacodynamic effects. In: Adrenergic Mechanisms, Ciba Foundation Symposium, pp. 305-.

321. ed. by J. R. Vane, G. E. W. Wolatenholme and C. M. O’Connor, J. & A. Churchill, Ltd., London, 1960.

80. LUNDHOLM, L. AND Mo�aia-Lrxroioias, E. : The carbohydrate metabolism and tone of smooth muscle. Acta
pharm. tox. Kbh. 16: 374-388, 1960.

81. LUNDHOLM, L. AND Mom�E-LuxiHou.i, E. : Studies on the effectz of drugs upon the lactic acid metabolism and
contraction of vascular smooth muscle. Aria physiol. scand. 55: 45-63, 1962.

82. LUNDHOLM, L. AND MOUME-LUNDHOLM, E. : The effect of adrenaline and glucose on the content of higb.energy

phosphate eaters in substrate-depleted vascular smooth muscle. Acta physiol. acand. 56: 130-139, 1962.

83. Luxrnsoui, L. AND MOHME-LUNDHOLM, E. : Dissociation of contraction and stimulation of lactic acid production

in experiments on smooth muscle under anaerobic conditions. Acta physioL scand. 57: 111-124, 1963.

84. LVNDHOLM, L. AND MOUME-LUNDBOLM, E. : Contraction and glycogenolysis of smooth muscle. Acta ph.ysiol.

seand. 57: 125-129, 1963.

85. LUNDHOLM, L. AND MOBME-LTJNDHOLM, E. : Influence of Ca�-lack and nethalide on the metabolic effects of

adrenaline, isoprenaline and K�.ione in vascular smooth muscle. Acta pharm. tox. Kbh., in press.

86. LUNDHOLM, L. AND M0RME-LwnBoLM, E. : The influence of metbylxanthinse on the metabolism and function
of smooth muscle. Acta physiol. scand., in press.

87. LtNDHOLM, L., MOHME-LUNDHOLM, E. AND VAMOS, N. : The influence of ions on the phoephorylase activating

effects of catecholamines and glucagon on isolated rat diaphragm. Acta phyaiol. acand., in press.

88. LUNDHOLM, L. AND Svr.nMya, N. : Blockade of the lactic acid stimulating and calorigenic effects of adrenaline or

isoprenaline by chloroisoprenaline. Acta pharm. tox. Kbh. 20: 303-308, 1963.

89. LUNDHOLM, L. AND SVEDMYR, N. : Comparative investigation of the calorigenic and lactic acid stimulating effects

of isoprenaline and adrenaline in experiments on rabbit. Acta physiol. scand. 62: 60-67, 1964.

90. LUNDHOLM, L. AND SVEDMTR, N. : Influence of adrenaline on blood flow and metabolism in the human forearm.

Acta physiol. acand. , in press.

91. LUNDHOLM, L. AND SvEDMTB, N. : Influence of nethalide on the vasodilating and lactic acid stimulating effects

of adrenaline in the human forearm. Circulation Re.., in press.



LUNDHOLM, MOHME-LUNDHOLM AND SVEDMYR 271

92. Lwimsous, L. AND SvnmrrB, N. : Respiratory response to adrenaline and noradrenaline in man. Acta physiol.

scand., in press.

93. Luwnaou, L. s.sm Svzzuya, N. : The calorigenic effect of adrenaline in fasted and fed rabbits. Acta pharm. tox.

Ebb., in press.

94. Luwnnou, L. AND STEDMYR, N. : The effect of nicotinic acid on some metabolic effects of adrenaline and nor-

adrenaline. Acta physioL scand., in press.

95. Lwnrnous, L. AND SvanMm, N. : Metabolic and circulatOry effectsofl-iaoproterenol in man. Acts physiol. scand.,

in press, 1966.

96. LyNN, W. S., MACLZOD, M. AND Baow�s, H. : Effects of epinephrine, insulin and corticotrophin on the metab-
them of rat adipose tissue. J. biol. Cheni. 235: 1904-1911, 1960.

97. LYON, J. B. AND Powrza, J. : The relation of phosphorylase to glycogenolysis in skeletal muscle and heart of
mice. J. bioL Chem. 238: 1-11, 1963.

98. MANSOUR, T. E. : Studies on heart phosphofructokinase: purification, inhibition and activation. J. biol. Chem.
238: 2285-2292, 1963.

99. MAYER, S. E., MORAN, N. G. AND FAIN, J. : The effect of adrenergic blocking agents on some metabolic actions
of catecholamines. J. Phsrmacol. 134: 18-27, 1961.

100. MIYAZARI, E., YABU, H. AND TAKARASBI, M. : Increasing effect of ca.ffein on the oxygen consumption of the
skeletal muscle. Jap. J. Physiol. 12: 113-123, 1962.

101. M0HME-LUreDH0LM, E. : The mechanism of the relaxing effect of adrenaline on smooth muscle. Acts physiol.
scand. 29: (suppi. 108) 1953.

102. M0HME-LUNDH0LIs, E. : The effect of yohimbine and adrenaline on the oxygen consumption. Acts physiol. scand.
35: 371-379, 1956.

103. MORME-LUNDBOLM, E. : Effect of adrenaline, noradrenaline, isopropylnoradrenaline and ephedrine on tone and

lactic acid formation in bovine tracheal muscle. Acta physiol. scand. 37: 1-4, 1956.

104. M0HME-LuNzrnoLu, E. : Effect of calcium ions upon the relaxing and lactic acid forming action of adrenaline on
smooth muscle. Acts physiol. scand. 37: 5-7, 1956.

105. MoRssx-LuisnnoLs, E. : Mechanism of the relaxing effect of adrenaline on bovine coronary vessels. Acta physiol.

scand. 38: 255-264, 1957.

106. MOHME-LUNDBOLM, E. : The association between the relaxing and the lactic acid stimulating effects of adrenaline
in smooth muscle. Acts physiol. scand. 48: 268-275, 1960.

107. M0HME-LUIwN0LM, E. : Phoephorylase activity of smooth muscle. Acts physiol. scand. 54: 200-208, 1962.
108. MOHMZ-LUNDHOLM, E. : Lactic acid production and adrenaline reversal in experiments on IsOlated smooth muscle.

Acts physiol. scand. 55: 225-230, 1962.

109. M0HME-LmmHouz, E. : Smooth muscle phosphorylase and enzymes affecting its activity. Acta physiol. scand.

59: 74-84, 1963.

110. MORME-LUNDHOLM, E. : The influence of adrenaline on the content of high energy phosphate compounds of
taenia coli. Acts physioL scand., in press.

Ill. M0RME-Lvwirnoz.ss, E. AND SVEDMYR, N. : Influence of nethalide on the phosphorylase activating effects of

adrenaline and isoprenaline in experiments on isolated rat diaphragm. Acta physioL scand. 61: 192-194, 1964.

112. MomeE-Luwnifoiss, E. AND SVEDMYR, N. : The influence of adrenaline on the content of high energy phosphate

compounds of isolated rat diaphragm. Acts physiol. scand., in press.

113. MORME-LUNDHOLM, E. AND ABERO, G. : The effect of H4- and lactate ions on the electrical activity and content

of high energy phosphate compounds of taenia coil from guinea pig. Acts physiol. scand., in press.

114. M0MM.&ERTS, W. F. H. M., SERAThARL&N. K. AND UCRIDA, K. : On the relaxing substance of muscle. Biochem.

biophys. Res. Comm. 13: 58-60, 1963.

115. MooRE, R. E. : Control of heat production in newborn mammals: role of noradrenaline and mode of action. Fed.
Proc. 22: 921-924, 1963.

116. MORAN, N. C. AND PERKINS, M. E. : Adrenergic blockade of the mammalian heart by dichloroanalogue of iso-
proterenol. J. Pharmacol. 124: 223-237, 1958.

117. MORGAN, H. E. �sm PARMEGGIANI, A. : Regulation of glycogenolysis in muscle. III. Control of muscle glycogen

phoephorylase activity. J. biol. Chem. 239: 2440-2445, 1964.

118. MURAD, F., CHI, Y. M., RALL, T. W. AND SUTHERLAND, E. W. : Adenylcyclase. III. The effect of catecholamines
and choline esters on the formation of adenosine 3’,S’-phosphate by preparations from cardiac muscle and liver.

J. Idol. Chem. 237: 1233-1238, 1962.

119. NICEERSON, M. : Blockade of the actions of adrenaline and noradrenaline. Pharmacol. Rev. 11: 443-461, 1959.

120. Oa#{246},L., Rosxu., S. AND WALLENBERO, L. : Circu1atory and metabolic processes in adipose tissue in vise. Nature

205: 178-179, 1965.

121. PILKINOTON, T. R., Lowz, R. D., ROBINSON, B. F. AND LITrERINGTON, E. : Effect of adrenergic blockade on
glucose and fatty-acid mobilization in man. Lancet H: 316-317, 1962.

122. Posc�xa, J. B., STERN, R. AND KREB8, E. G. : In vivo response of skeletal muscle glycogen phosphorylase, phos-

phorylase b kinase and cyclic AMP to epinephrine administration. Biochem. biophys. Rev. Comm. 9: 293-296,
1962.

123. PowELL, C. E. AND SLATER, I. H.: Blocking of inhibitory adrenergic receptors by dichloro analog of isoproterenol.

J. Pharmacol. 122: 480-488, 1958.

124. RAIL, T. W. AND SUTHERLAND E. W. : Formation of a cyclic adenine ribonucleotide by tissue particles. J. biol.
Chem. 232: 1065-1076, 1958.



272 SECTION II. METABOLIC EFFECTS OF CATECHOLAMINES

125. RALL, T. W. AND SUTHERLAND, E. W. : Adenyl cyclase. II. The enzymatically catalyzed formation of adenosine

3’ ,S’-phosphate and inorganic pyrophosphate from adenosine triphosphate. J. biol. Chem. 237: 1228-1232, 1962.

126. RALL, T. W. AND WEST, T. C. : The potentiation of cardiac inotropic responses to norepinephrine by theophylline.

J. Pharmacol. 139: 269-274, 1963.

127. RIZACE, 56. A. : Activation of an epinephrine-sensitive lipolytic activity from adipose tissue by adenosine-3’,S’-

phosphate. J. biol. Chem. 239: 392-395, 1964.

128. ROBERTS, S. AND KELLER, M. R. : Influence of epinephrine and cortisone on the metabolism of the hypophysis

and hypothalamus of the rat. Endocrinology 57: 64-69, 1955.

129. SCHILD, H. 0. : Effect of adrenaline on depolarized smooth muscle. In: Adrenergic Mechanisms, Ciba Foundation
Symposium, pp. 288-292, ed. by J. R. Vane, G. E. W. Wolatenholme and C. M. O’Connor, Little Brown and

Co., Boston, 1960.
130. SCHILD, H. 0.: Calcium and the effects of drugs on depolarized smooth muscle. In: Pharmacology of Smooth

Muscle, pp. 96-194, Pergamon Press, 1964.

131. SHARIN, A. T., LOCKWOOD, M. A. AND GRIFFITH, T. R. : Role of the liver in calorigenic action of epinephrine and
norepinephrine. Amer. J. Physiol. 203: 49-52, 1962.

132. SMITh, E. R. AND ROBERTS, J. C. : Thermogenesis of brown adipose tissue in cold-acclimated rats. Amer. J.

Physiol. 206 (1): 143-148, 1964.

133. SosKIN, 5. : On the calorigenic action of epinephrine. Amer. J. Physiol. 83: 162-170, 1927.

134. STARLING, E. H. AND VISSCHER, M. B. : The regulation of the energy output of the heart. J. Physiol. 62: 241-261,

1927.

13.5. STEINBERG, D. : Fatty acid mobilization-mechanisms of regulation and metabolic consequences. In: The Con-
trol of Lipid Metabolism, pp. 111-138, ed. by J. K. Grant, Academic Press, Inc., New York, 1963.

136. STEINBERG, D., NESTEL, P. J., BUSEIRK, E. R. AND THOMPSON, R. H. : Calorigenic effect of norepinephrine

correlated with plasma free fatty acid turnover and oxidation. J. Clin. Invest. 43: 167-176, 1964.

137. SUTHERLAND, E. W. AND RALL, T. W. : Fractionation and characterization of a cyclic adenine ribonucleotide
formed by tissue particles. J. biol. Chem. 235: 1077-1091, 1958.

138. SUTHERLAND, E. W. AND RALL, T. W. : The relation of adenosine 3’,5’-phosphate and phosphorylase to the actions
of catecholamines and other hormones. Pharmacol. Rev. 12: 265-299, 1960.

39. SUTHERLAND, E. W., RALL, T. W. AND MENON, T. : Adenyl cyclase. I. Distribution, preparation and properties.
J. biol. Chem. 237: 1220-1227, 1962.

140. SVEDMYR, N. : The influence of thyroxine and thyroidectomy on the calorigenic and some other metabolic actions
of adrenaline and noradrenaline in the rabbit. Acta physiol. scand., in press, 1966.

141. SYEDMYR, N. : Lactate elimination and oxidation in thyroidectomized, untreated and thyroxine treated rabbits.
Acta physiol. scand., in press, 1966.

142. SVEDMYR, N. : Influence of triiodothyronine on the calorigenic effect of adrenaline in man. Acta physiol. scand.,
in press, 1966.

143. SvEDMYR, N. : Blockade of the calorigenic and some other metabolic effects of adrenaline by pronethalol. Acts
pharm. tox. Kbh., in press, 1966.

144. SVEDMYR, N. : The influence of i-lactic acid on the oxygen consumption in man. Acts physiol. scand.. in press,
1966.

145. TIMMS A. R., BIEDING, E., HAWKINS, J. T. AND FISHER. J. : The effect of adrenaline on phoephorylase activity,
glycogen content and isotonic tension of intestinal smooth muscle (taenia coli) of the guinea pig, Biochem. J.

84: 80 pp., 1962.

146. TINDER, A. G. , BOYME, T#{248}.AND SHOEMAKER, W. C. : Relationship of hepatic potassium efflux to phosphorylase
activation induced by glucagon. Amer. J. Physiol. 206: 736-742, 1964.

147. UCHIDA, K. AND MOMMAERTS, W. F. H. M. : Modification of the contractile responses of actomysin by cyclic

adenosine 3’,5’-phoephate. Biochern. biophys. Rca. Comm. 10: 1-3, 1963.




