
POSSIBLE MECHANISMS FOR THE TERMINATION OF THE

PHYSIOLOGICAL ACTIONS OF CATECHOLAMINES

GEORGE B. KOELLE

Department of Physiology and Pharmacology, Graduate School of Medicine,

University of Pennsylvania, Philadelphia, Pennsylvania

Most of the present session of the Symposium is devoted to a review of cur-

rent knowledge concerning the various pathways by which the catecholamines

can be metabolized. Prior to the discussion of the individual enzyme systems,

it seems appropriate to consider the general problem of the extent to which the

metabolic conversion of the catecholamines is responsible for the termination of

their physiological or pharmacological actions. This aspect is of importance in

elucidating the mechanisms of action of the catecholamines themselves, and of

the drugs which simulate, potentiate, or antagonize their effects. The present

discussion will be devoted primarily to the catecholamines of endogenous origin,

i.e., norepinephnine, epinephrine, dopamine (hydroxytyramine) and possibly

isoprotenenol (29).

Types of action of catecholamines. The diverse actions of the catecholamines

may be placed arbitrarily in four categories : 1) Excitatory actions on autonomic

effector cells ; 2) Inhibitory actions on autonomic effector cells ; 3) Metabolic

actions ; 4) Actions on the central nervous system. From the now classical studies

and calculations of Clark (16), we are accustomed to thinking of the first cate-

gory, the excitatory sympathomimetic effects, as resulting from the combination

of the catecholamine with a receptor site at the cell surface. This concept is

strengthened by recent evidence suggesting that these compounds are active

only on primarily in the changed, cationic form ; as such, they would be expected

to penetrate cell membranes slowly (28). The inhibitory sympathomimetic ef-

fects likewise have generally been assumed to result from an action at the cell

surface. However, the studies of Mohme-Lundholm (30) have provided the

hypothesis that the inhibitory actions on smooth muscle are the result of the

catecholamine-induced accumulation of lactic acid. If this is actually the case,

such effects would be secondary to glycogenolysis, one of the important meta-

bolic actions in the third category. Our knowledge of the mechanism of the

glycogenolytic action of epinephrine has been advanced considerably through

the recent work of Sutherland and associates (32), which is discussed elsewhere in

the Symposium. Both epinephrine and glucagon have been shown to accelerate

the phosphorylation, or activation, of glycogen phosphonylase, which apparently

constitutes the rate-limiting step in the conversion of glycogen of the liven and

muscle to glucose and lactic acid, respectively. This and the other metabolic

actions of the catecholamines have been reviewed recently by Ellis (19). From

the standpoint of the present discussion, the most important factor to be noted

is that these actions may result from effects on enzymes at intracellular sites.

Little is known concerning the mechanism of the central actions of the catechola-

mines. Likewise, there is only indirect evidence for the existence of adrenengic
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pathways, other thali vasoconstnicton, in the central nervous system (12, 35). In

general, the duration of anxiety, nervousness and other central symptoms follow-

ing the administration of epinephnine and related drugs outlasts that of the pe-

nipheral cardiovascular actions. The basis for the central effects may fall within

any combination of the other three categories : excitatory, inhibitory, on meta-

bolic.

From the foregoing discussion, it seems likely that the catecholamines act at

1)0th extracellulan and intracellular sites. The primary mechanisms for tenmina-

tion of effects at these contrasting levels are probably quite different.

Sites of origin or sources of catecholamines. A factor of considerable importance

in relation to the problem at hand is the source of the catecholamine which pro-

duces a given effect, i.e., whether it arrives at the effector site from a closely

adjacent adrenergic nerve or from a more remote source via the circulation. In

the early theory of Cannon and Rosenblueth (14), the sympatho-adnenal sys-

tem was considered to act as a unit, particularly in situations of emergency.

More recent studies have required modification of this concept. While the adrenal

medulla, with its predominant secretion of epinephnine, probably functions much

in the manner that Cannon and Rosenblueth described, the main transmitter of

the sympathetic or adrenergic nervous system is now known to be nonepinephnine

(20). Just as does the parasympathetic system, the sympathetic appears to func-

tion continually in a selective, discreet manner to bring about the moment-to-

moment adjustments necessary for homeostasis. At the rates of firing encoun-

tered physiologically, the effects of adnenergic nerve impulses are probably

confined fairly closely to the effector cells in the immediate vicinity of their end-

ings (1 5). The manner by which such effects are terminated may be quite different

from the mechanisms which bring about termination of the actions of circulating

catecholamines, whether from the adrenal medulla, other chromaffin tissue, or

exogenous sources. Consequently, studies of the disposition of catecholamines

from the circulation by metabolic or other means can only suggest possible proc-

esses involved in the termination of the effects of adnenergic transmission.

Termination of the actions of catecholamines by processes other than metabolic

degradation. In a recent general discussion of the mechanisms available for the

termination of actions of drugs, Dr. Thomas C. Butler (13) listed the following

mechanisms which do not involve metabolic degradation:

1 ) Tolerance, tachyphylaxis and related phenomena.

2) Redistribution.

3) Drug antagonisms.

4) Antagonistic reflexes.

5) Excretion.

Although tachyphylaxis, or “acute tolerance,” plays an important role in

limiting the effects of certain sympathomimetic amines of botanical on syn-

thetic origin (e.g., ephedrine, amphetamine), it does not occur ordinarily with

their mammalian catecholamine counterparts. Accordingly it will not be con-

sidered here, other than to mention that the mechanisms involved in the pro-

duction of tolerance are at best poorly understood (34).
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Redistribution, on the other hand, may be of great importance in limiting the

actions of endogenous catecholamines. In a study of the potentiating effects of

some amidines and guanidines on the cardiovascular actions of epinephrine,

Dawes (17) concluded that these compounds probably interfere with the passage

of the catecholamine into the hepatic cells, and that the latter step is the primary

means by which the action of circulating epinephnine is terminated. It has been

pointed out by Blaschko (8) that this type of effect, blockade of access of the

catecholamine to an intracellular enzyme, could simulate inhibition of the

enzyme. In the same general category, redistribution, might be considered the

possibilities of storage within fat depots and adsorption to plasma proteins,

mechanisms which probably contribute to the termination of the actions of thio-

pental (1 1) and neuromuscular blocking agents (10), respectively. Although there

is no evidence that the former type of disposition occurs with catecholamines,

both epinephnine and nonepinephnine are adsorbed to the plasma albumin (2).

The antagonistic actions of the several classes of adrenergic blocking agents to

the actions of the catecholamines are well known (31). All such drugs produce

adrenolysis (blockade against the actions of circulating sympathomimetic amines)

in lower doses than required for sympatholysis (blockade of the effects of adren-

ergic nerve impulses) . This may be dependent partially on a difference in the

mechanisms normally involved in the termination of such effects, as discussed

above.

The importance of antagonistic reflexes in modifying the actions of catechol-

amines, particularly on the cardiovascular system, cannot be overemphasized.

Several such reflexes have been discovered, on rediscovered, in recent years, and

have been reviewed in detail (4, 18). It is quite likely that they play a role also

in the production of certain apparently inhibitory effects of the catecholamines

on the peripheral circulation (23).

Only very small fractions of circulating norepinephnine and epinephnine are

excreted unchanged in the urine (21).

Metabolic degradation. The high concentrations of acetylcholinesterase (AChE)

found at cholinergic synaptic and neuroeffector sites, and the extremely high

velocity of its hydrolysis of acetylcholine (ACh) indicate that this enzyme plays

an important role in limiting the extent and duration of the actions of the chol-

inergic transmitter. Although many mammalian enzymes can inactivate the

catecholamines, none has been demonstrated to do so at a rate approaching that

of the ACh-AChE system, and none has been found to be associated selectively

with the adrenergic nervous system in all species. Blaschko (7) has raised the

question whether the temporal and spatial limitations of adrenergic neuroeffector

transmission are such as to require the participation of an enzyme equivalent to

AChE in the cholinengic system. It is quite possible that the various mechanisms

discussed in the preceding section are sufficient for termination of many of the

immediate effects of the catecholamines, and that their metabolism constitutes

in certain respects a function related only indirectly. Since the individual enzyme

systems will be discussed in detail by the other speakers, they will be considered

here only briefly.
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Norepinephrine, epinephnine and closely related catecholam.ines potentially

can undergo the following enzymatic conversions:

1) Deamination by monoamine oxidase (MAO).

2) Oxidation to adrenochrome and related products by cytochnome oxidase

and tyrosine (DOPA) oxidase.

3) Conjugation to the glucuronide on sulfate.

4) O-methylation by catechol-O-methyl transfenase.

Monoamine oxidase (MAO) has been reviewed critically by Blaschko (7). Of

the catecholamines under consideration, only dopamine, which lacks the �3-

OH group, is oxidized by it at a reasonably rapid velocity (9). In the rabbit,

MAO is present in higher concentrations in adrenergic neurons than in cholin-

engic or sensory neurons, whereas in the cat there appears to be no such distinc-

tioii (26). However, in all species the largest amounts of MAO are found in the

liver, kidney and gastrointestinal tract. Phenethylamine derivatives which pos-

sess an a-methyl group in the alkyl side-chain (e.g., ephednine, amphetamine)

are not oxidized by MAO, and can act as competitive inhibitors to the oxidation

of other amines by the enzyme. Gaddum and Kwiatkowski (22) suggested that

this effect might be responsible for some of the pharmacological actions of

ephednine and related drugs. Although the importance of MAO in the oxidation

of catecholamines other than dopamine at most sites in the body is controversial

(see below), its presence in the gastrointestinal tract and liver may be largely

responsible for the failure of epinephrine and norepinephnine to act effectively

after oral administration.

The possibility that the catecholamines are oxidized to indole derivatives has

been discussed by Bacq (6). Although cytochrome oxidase is present in pnac-

tically all cells in the body, there is apparently no evidence that it participates

in the oxidation of epinephrine to adrenochrome and related compounds in sivo.

It has been suggested that the DOPA-(tyrosine) oxidase of the uveal tract may

promote the oxidation of catecholamines liberated by the adnenengic fibers to

the iris, and that this might be the basis for the greater effectiveness of mydni-

atics in light than in dark eyes (1).

rfhere is ample evidence that both the free catecholamines and their immediate

metabolites from other pathways are conjugated in considerable proportions,

probably exclusively in the liver (33). The previous speakers have emphasized

the importance of accounting for the conjugated products in determinations of

the urinary output of these compounds.

The most recent evidence suggests that catechol-O-methyl transferase is

the enzyme of major importance in the metabolism of circulating norepinephrine

aild epinephnine (3, 5, 27). Oven 90 % of a 1-mg dose of dl-epineph.rine given to

normal human subjects by intravenous infusion was recovered as the free or

conjugated form of the pnimaryproduct, metanephrine (m-O-methyl-epinephrine)

or its subsequent oxidation product, 3-methoxy-4-hydroxymandelic acid (27). The

authors suggested that MAO participates chiefly in the oxidation of metaneph-

rine to the mandelic acid derivative.

The foregoing discussion does not indicate the relative importance of metabo-
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lism and the factors discussed above in limiting or terminating the effects of

adnenergic transmission at various sites. As an illustration of the complexities

involved in this problem, an example from an earlier discussion (25) may be

cited. Both iproniazid and isoniazid were found in high doses to potentiate the

response of the cat nictitating membrane to stimulation of the sympathetic

trunk on the injection of nonepinephrine or epinephnine (24). Ipnoniazid, but

not isoniazid, caused marked inhibition of MAO ; neither compound inhibited

effectively cytochnome oxidase on autoxidation. Both caused some degree of

adrenergic blockade. To explain these findings it was proposed that drugs such

as the hydrazides, as well as the catecholamines, might react at four on more

possible common sites. Combination of the drugs at these sites could prevent

access by the catecholamines, with the following results:

1) Receptor sites at the surface of the effector cell: a sympathomimetic effect

or adnenengic blockade.

2) “Pores” of the membrane of the effector or other cells: prevention of the

intracellular passage of the catecholamine, with resulting potentiation of its

actions at the surface on blockade of its intracellular actions.

3) Plasma protein on other “nonspecific receptors” : potentiation of the cate-

cholamine.

4) Cellular enzymes : potentiation on altered metabolism of the catecholamine.

Needless to say, it will require studies at the cellular level to resolve most of

the questions that have here been raised.
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