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A CONCEPT FOR A ROLE O F SEROTONIN AND NOREPINEPHRINE AS CHEMICAL MEDIATORS I N T H E BRAIN



By Bernard B. Brodie and Parkhurst A. Shore Laboratory of Chemical Pharmacology, National Heart Institute, National Institutes of Health, Public Health Seruice, Department of Health, Education, and Welfare, Bethesda, Md.



It is not the purpose of this paper to make a survey of the work suggesting that serotonin is a central neurohumoral agent, since much of this is being discussed by other contributors to this monograph. Rather, we should like to offer a concept that implicates serotinon and norepinephrine as chemical mediators of mutally antagonistic centers in the brain. This thesis, which is admittedly oversimplified, endeavors to explain the actions of the tranquilizing agents reserpine and chlorpromazine and the hallucinogenic agents LSD and mescaline in terms of interactions with serotonin and norepinephrine in the central nervous system. As presented here this concept may begin to trace the outlines of a coherent picture, but one, we are sure, that will bear only a faint resemblance to the picture that will ultimately emerge. The concept is only a working hypothesis, but it has already proved useful in linking a number of unrelated observations and in suggesting certain experiments that might test it. It is fascinating to learn how the discovery of serotonin, a substance that appears to have no part in the general metabolism of cells, has proved to be of such significance to the pharmacologist, the biochemist, the neurophysiologist and, possibly, to the psychiatrist. When the vasoconstrictive material in blood platelets was finally isolated and identified as 5-hydroxytryptaminel1, it was soon proved identical with the enteramine that Erspamer3 had extracted years before from the gastrointestinal tracts of the vertebrates and from other organs in the invertebrates. A number of notions concerning its role in the body were considered, most of which took into account its profound contractive action on smooth muscle. Among these possibilities were the control of vascular tone and, therefore, of systemic blood pressure; control of gastrointestinal motility; regulation of water excretion by affecting kidney arterioles; and regulation of hemostatic action by affecting blood vessels after release from platel e t ~ . ~ . Several of these suggestions can be more or less summarily dealt with a t once. Since serotonin is normally present in the body almost entirely in a bound and therefore presumably inactive form, it is doubtful that there is enough of the free form circulating in plasma to affect the vascular tone either of the body as a whole or of the kidneys in particular. Results from our laboratory indicate that it is not involved in any obvious way in hemostasis, since animals and humans whose platelets have been depleted of serotonin by the administration of reserpine show no change in bleeding or clotting time.6 It is possible that serotonin controls some aspects of gastrointestinal motility, although no direct evidence is as yet forthcoming in this connection. The clue pointing to a role for serotonin in the functioning of the central 631
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nervous system came from its discovery in the brain.6* The observation by Gaddum8 that extremely low concentrations of lysergic acid diethylamide (LSD) counteracted the constrictive action of serotonin on certain smoothmuscle preparations prompted him to propose that LSD might also antagonize an essential action of serotonin normally present in the brain and thus provoke the mental disturbances observed in man. I n this country Woolley and Shaws presented the idea that mental diseases might result from an imbalance in the amount of serotonin in the brain. The paper by Shore et al. in this monograph presents experimental evidence indicating that the primary action of reserpine is to impair serotonin binding sites so that they lose, in part, their capacity to retain serotonin. As a result, serotonin made in the brain, instead of being stored, remains in a free, pharmacologically active form and presents to brain tissue a persistent low concentration of free serotonin. I t is this free serotonin that is considered to exert the actions attributable to reserpine. The rapid disappearance of reserpine from the brain in contrast to its persistent pharmacological effects and the persistent change in brain serotonin have provided a valuable tool in ascertaining what central actions of reserpine are mediated through serotonin. Following the administration of 1 to 5 mg./kg. of reserpine to rabbits, dogs, or mice, the following effects were observed: sedation, generalized reduction in motor activity, decrease in depth and rate of respiration, potentiation of hypnotics, and a series of parasympatheticlike effects, including a reduction in the arterial blood pressure, slowing of the heart rate, lowering of the body temperature, constriction of the pupils, ptosis, relaxation of the nictitating membrane, increased lacrimation, and salivation. I n addition there was an increased motility of the gastrointestinal tract. It is possible that the latter effect is mediated peripherally through the persistent free serotonin in the intestines. These effects were observed for a period of almost 48 hours following the injection of reserpine. Thus the action of the drug appears to bear a temporal relationship to the change in brain serotonin rather than to the concentration of reserpine. These data, together with other observations reported by Shore et al., provide strong evidence that the effects of reserpine are caused by the actions of free serotonin. From these results it may be inferred that serotonin is normally involved in the regulation of centers in the brain that involve wakefulness, temperature regulation, blood-pressure regulation, and a number of other autonomic functions. The question arises as to how serotonin in the brain is normally involved in these functions. The diversity of actions associated with serotonin makes it tempting to consider the possibility that it is a synaptic transmitting agent acting on the brain centers in the hypothalamus and other subcortical centers. Few problems are more difficult to investigate in clear-cut fashion than the possibility that a chemical substance is a transmitter of impulses across synaptic junctions in the brain. The brilliant researches of Otto Loewi have made the problem relatively simple in the peripheral nervous system, where ganglia can be isolated and perfused and where, after stimulation of preganglionic fibers, the perfusate can be examined for a neurohumoral agent. Thusit isnowgenerally accepted that synaptic transmission in autonomic ganglia and transmission
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at the neuromuscular junction are mediated by acetylcholine. Direct proof is still lacking for a similar role for acetylcholine centrally, however, although for many years the substance has been known to be present in the central nervous system. There are provocative suggestions that serotonin is a chemical mediator in the brain. Like acetylcholine, the substance is present in nervous tissue in a precursor state and, as indicated by Shore et al., i t seems to be active only in a free form. The amine is unevenly distributed in brain, its concentration being highest in the brainstem, especially the hypothalamus, lowest in the cortex, and almost undetectable in the cerebellum, as indicated by Amin et a,?? and by Udenfriend et al. in this monograph. A high biological activity with a predilection for the brainstem is strong indication that a substance has physiological significance in the specialized functions of this region. Thus we find that reserpine acts on the brainstem, apparently through free serotonin. This makes it plausible that the amine acts as a mediator for certain subcortical centers. Collateral support for a role of serotonin in nerve transmission is provided by the distribution of monoamine oxidase, the enzyme that destroys it, and 5-hydroxytryptophan decarboxylase, the enzyme that synthesizes it, both of which have been reported by Gaddum and Giarman’O and by Udenfriend et al. elsewhere in these pages, to be in highest concentration in the hypothalamic areas. A strong argument for a neurohumoral role for serotonin in certain invertebrates has been brought forth in this monograph by Welsh’s presentation of his work with the mollusks. Chemical mediators such as acetylcholine are considered to work through the membrane depolarization of nerve cells. Thus a nerve impulse along a peripheral preganglionic fiber results in the liberation at the ganglion cell of free acetylcholine from a precursor complex. This agent diffuses across the synapse and, by depolarizing the postganglionic nerve-cell body, is instrumental in the transfer of the impulse to the other side of the junction. If a cholinesterase inhibitor is present, the acetylcholine released is protected from destruction and may produce a volley of postganglionic impulses. If an excess of cholinesterase inhibitor or acetylcholine is present, however, the ganglion cell is flooded with acetylcholine, which results in persistent depolarization and thus prevents activation of the postganglionic nerve by preganglionic stimulation.“ Accordingly, an excess of acetylcholine can counteract its own action. Similarly, in the brainstem, nerve impulses along presynaptic fibers might release serotonin in minute amounts at synaptic junctions. This release of free serotonin might act as a chemical mediator of responsive brain centers that in turn send impulses along postsynaptic fibers. Ordinarily, free serotonin could be considered to be present a t the synapse for only a short time following presynaptic impulses. Reserpine, by impairing the sites that hold serotonin in a bound form without blocking the synthesis of the amine, would present a low but persistent concentration of free serotonin in direct contact with the brain center. As a consequence, a continuous volley of impulses would bombard the center, resulting in the usual manifestations of reserpine action. What would happen if “excess” free serotonin were to 0ood the brain centers
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THE CONCENTRATION OF SEROTONIN IN OF NORMAL AND RESERPINE-TREATED RABBITS*



Drug



1



Brain serotonin



I



BRAINS



Efiect



pg./gm. (overage)



None . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Reserpine . . . . . . . . . . . . . . . . . . . . . . . . . . . . Iproniazid . . . . . . . . . . . . . . . . . . . . . . . . . . . . Iproniazid followed by reserpine. . . . . . . . . Reserpine followed by iproniazid . . . . . . . .



0.55 0. to 0.63 0.42 0.10



Sedation None Excitement Sedation
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FIGURE1. Effect of iproniarid plus reserpine on 2 rabbits. Both animals were given reserpine (5 intravenously) but the animal on the right was pretreated with iproniazid (100 mg./kg.).



A problem that has been of some concern to us is how reserpine, which acts through serotonin, and chlorpromazine, which does not act through serotonin, can produce similar central effects, including sedation and potentiation of hypnotics. A number of observations make it evident that reserpine and chlorpromazine induce similar effects in the brain, but do so by different mechanisms. On the one hand, the action of reserpine has been shown to be irreversible in that its effects last far beyond the time the drug is detectable in tissues, whereas chlorpromazine does not affect the serotonin in cells and seems to act reversibly, that is, no effectsare seen when the drug has disappeared from the body. A second difference may be seen in the nature of the potentiating action of the 2 agents on certain hypnotics. Both compounds have marked activity, but only that of reserpine is blocked by LSD (TABLE 3). Still a third difference between the actions of the 2 substances has been shown. As described before, an LSD-like effect was induced by an excess of free serotonin in the brains of rabbits, whether produced by the administration of iproniaxid followed by reserpine or by giving 5-hydroxytryptophan. If rabbits so treated were then given reserpine they did not become sedated (FIGURE 2a). It would not be expected that reserpine, if it acts through serotonin, would be a sedative agent in this situation. There is already too much free serotonin present. On the other hand, the administration of chlorpromazine rapidly sedated the animals (FIGURE 2b).
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TABLE 2 PH~RMACOLOGICAL EFFECTS OF RESERPINE(PERSISTENT “LOW” FREESEROTONIN), LSD, “EXCESS”FREESEROTONIN, AND AMPHETAMINE



COMP-\RISON OF ___.



F,ffC



~



THE



-_



~-



Persistent “low” free serotonin (reserpine)



t on‘



LSL)



Persistent “excess” free serotonin (iproniazid reserpine or S h y droxytryytopban)



+



Amphetamine



-~



Alertness Motor activit) Temperature Depth and rate of respiration Rlootl pressure Pupil Eyelid Nictitating membrane Heart rate Erection of hair Visual



Decrease Decrease Decrease Decrease



Increase Increase Increase Increase



Increase Increase Increase Increase



Increase Increase Increase Increase



Decrease Constriction I’tosis Relaxation



Increase Dilatation



Increase Dilatation



Increase Dilatation



Decrease



Increase Piloerection Apparently blind



-



-.



-



-



-



-



Increase Piloerection Apparently blind



Increase Piloerection ?



I



TABLE 3 Drugs



Duration of hypnosist minutes (average)



Ethanol (controls) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ethanol reserpine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ethanol LSD reserpine.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ethanol chlorpromazine. . . . . . . . . . . . . . . . . . . . . . . . . Ethanol chlorl~romazine LSD. . . . . . . . . . . . . . . . . . . . . .



+ + + +



~. -



+



+



40



>300



54 150 141



-



* T h e aduit male mice were given the various drugs intraperitoneally Reserpine (5 mg./kg.) was administered 1 hour before ethanol (4 gm./kg.). C‘hlorpromazine ( 5 mg./kg.) was given simultaneously with ethanol. LSD (10 mg./kg.) was given in 2 divided doses 1 hour before and simultaneously with ethanol. The mice given ethanol alone served as controls. LSD by itself had virtually no effecton the duration of the hvnnosis . . .r)roduced by ethanol. t Time from 10% to return of righting reflex.



The indications that chlorpromazine and reserpine act centrally by a different mechanism are summarized in TABLE 4. The difference in the mode of action of reserpine and chlorpromazine may be explained by assuming that they act on physiologically antagonistic systems in the brainstem that are involved in wakefulness, regulation of temperature, control of blood pressure, and other autonomic functions. Drug-induced paralysis of one system would release the opposite system and allow it to predominale (FIGURE 3 ) . In support of this concept, it has been demonstrated that there are both parasympathetic and sympathetic areas in the brainstem. In the hypothalamus, one of the principal foci of integration of the entire autonomic system, one finds primarily parasympathetic representation in the forepart and sympathetic in the posterior part. In view of the effects of reserpine it may be supposed that serotonin is the chemical transmitter of nerve impulses
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FIGURE2. FIGUREZa shows the effects of reserpine on a rabbit with excess serotonin in the brain. These animals were pretreated with i roniaaid (100 mg./kg.) fallowed 1 hour later by reserpine (5 mg./kg. intravenously). Thirty minutes later t%e excited animal was given a further administration of reserpine (5 mg./kg.). FIGUBE2b shows the effects of chlorpromazine on a rabbit with excess serotonin in the brain. The animal was pretreated with iproniazid (100 mg./kg.) followed in 1 hour by reserpine (5 mg.jkg. intravenously). Thirty minutes later the excited animal was given chlarpromazine (5 mg./kg.).
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SUMMARY OF -_



THE



~ ~ _ _ _ _ _



TABLE 4 INDICATIONS THAT CHLORPROMAZINE AND RESERPINE ACT CENTRALLY BY DIFFERENT MECHANISMS -.



1 Potentiation of hypnotics Effect on serotonin Duration of effect Effect on animal pretreated with iproniazid



I



Reserpine



Antagonized by LSD Releases



Not related to brain level of drug Excitement



Chlorpromazine



Not antagonized by LSD Does not release Related to brain level of drug Sedation



to the centers of the parasympathetic division.* If this speculation should be correct, then perhaps fibers that innervate these centers should be termed “serotonergic nerves.” By blocking serotonergic fibers, LSD would unmask the action of the opposing sympathetic system* and produce its typical sympatheticlike responses. Reserpine could be considered to invoke its parasympatheticlike effects by presenting a low but persistent concentration of free serotonin to activate the parasympathetic centers. Chlorpromazine could be postulated to block nervous impulses activating central sympathetic centers and thus augment the activity of the parasympathetic system. This would account for the similarity of the central effects of chlorpromazine and reserpine, even though they act by different mechanisms. An analogy can be drawn from the peripheral autonomic system, where both norepinephrine and atropine cause dilatation of the eye, but by different mech* The reciprocal systems are designated a s sympathetic and parasympathetic, although it is recognized that these terms may he inadequate, since other centers involving wakefulness and appetite, though autonomic in the true sense of the word, do not involve the peripheral vegetative system directly.



/NOREPINEPHRINE



PARASYMPATHETIC



CONSTRICT



SYMPATHETIC



DILATE



FIGURE 3. Schematic diagram depicting mutually antagonistic brain centers in the central autonomic ner-



vous system.
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anisms-one by direct stimulation of the effector organ and the other by blocking the action of the opposing system (antiacetylcholine) on the effector organ. Chlorpromazine could be assumed to inhibit the sympathetic system by blockade of the chemical mediator that activates the sympathetic centers. What could this chemical mediator be? Norepinephrine is a suitable candidate, although the evidence for it is entirely circumstantial. First and most important is the fact that catecholamines, about 85 per cent of which are norepinephrine and the remainder epinephrine, are present in the brain. Vogt13 has shown that norepinephrine is distributed in a manner similar to Serotonin, being in highest concentration in the brainstem, especially the hypothalamus, lowest in the cerebral cortex, and virtually absent in the cerebellum. From its uneven distribution and its localization in the parts of the brainstem that contain the sympathetic centers, Vogt has suggested that norepinephrine in the brain might have a transmitter role. The concept of sympathetic centers, controlled by nerve fibers that release norepinephrine following nerve impulses, allows an interpretation of a number of observations previously difficult to explain. The first of these are the central actions that are observed after the administration of epinephrine or norepinephrine. These agents, administered parenterally in small doses, have relatively minor central actions, as little of the compounds would be expected to pass the blood-brain barrier. Large doses induce marked excitement in animals, however, which could be explained by the activation of the sympathetic centers by the small amounts of the amines that enter the brain. The excitement induced by these catecholamines would be the antithesis of the sedation resulting from parenterally administered serotonin. Some of the actions of ephedrine and amphetamine, hitherto not understood, may be explained by assuming that these compounds have a direct action on the various sympathetic centers in the brain. The peripheral actions of these compounds simulate those of norepinephrine with close fidelity, so that they have often been considered to act directly on autonomic effector organs. There is substantial evidence, however, which is not easily reconciled with the thesis of a direct action solely on the effector organs. First, the effects of ephedrine are generally less on isolated tissues than in the whole animal. Second, ephedrine and amphetamine do not evoke enhanced responses, as do the catecholamines, after sympathetic denervation of the effector organ. I n fact, the activity of ephedrine is markedly lessened by denervation. The explanation has been offered that ephedrine and amphetamine do not act directly, but indirectly by protecting the adrenergic mediator at sympathetic nerve terminals from the action of monoamine oxidase. This explanation is unsatisfactory, since ephedrine and amphetamine exert only weak inhibitory effects on monoamine oxidase, whereas iproniazid, a much stronger inhibitor, does not evoke obvious sympathomimetic effects. A more satisfactory way of explaining the peripheral actions of ephedrine and amphetamine is to assume that these substances mimic the action of norepinephrine centrally. Both drugs rapidly pass into the brain in high concentration,14,15 and it is conceivable that by activating the central sympathetic system they would indirectly affect peripheral organs. This would be in ac-
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cord with the observations that sympathetic denervation considerably lessens the peripheral effects of ephedrine and amphetamine and would explain why the compounds are relatively inactive on isolated tissues. It is of considerable interest that ephedrine and amphetamine produce practically the same spectrum of effects invoked by LSD, although considerably larger doses of the former drugs are required (TABLE 2). Large doses lead to excitement, and in man even to mental disturbances, including hallucinations. Mescaline (trimethoxyphenylethylamine), which is structurally related to epinephrine rather than serotonin, might be considered as another centrally acting compound that easily crosses the blood-brain barrier and mimics the action of norepinephrine. Mescaline, like epinephrine, causes anxiety, sympathomimetic autonomic effects, generalized tremors, as well as vivid hallucinations. Thus mescaline, which produces mental effects like those produced by LSD, may act not by blocking “serotonergic” brain centers but by stimulating the reciprocal “adrenergic” ones. It is possible to interpret at least part of the peripheral autonomic effects of chlorpromazine in terms of the model presented in FIGURE 3. If chlorpromazine blocks the action of norepinephrine centrally, thus unmasking the parasympathetic centers, peripheral manifestations such as miosis should result in part from this central action. Experimental evidence cited in the literature supports the thesis that some of the peripheral adrenergic blocking effects of chlorpromazine are mediated centrally. Dasgupta and WernerI6 have demonstrated that chlorpromazine lowers blood pressure when given in doses that are too small to alter the pressor effects of administered epinephrine. For example, the injection of small doses of chlorpromazine intracisternally into monkeys causes a fall in blood pressure and a blockade of the carotid pressor reflex, while the pressor response of systemic injections of epinephrine remain unaffected. The same workers have shown with decorticated cats that the rise in blood pressure that results from electrical stimulation of hypothalamic and medullary pressor areas is abolished by doses of chlorpromazine too low (50 to 100 ,ug./kg.) to exert a peripheral adrenergic blocking effect. Finally, Jourdan et a1.I7 state that chlorpromazine is inactive in the spinal dog at a dose that is hypotensive in intact animals. From these reports it would seem likely therefore that chlorpromazine may influence the circulatory system by a central action. Of particular interest are the observations of Moran and Butler,18 of this laboratory, who have shown that chlorpromazine sulfoxide, a major metabolite of chlorpromazine, produces sedation, orthostatic hypotension, and partial blockade of the carotid sinus reflex at doses that do not block the rise in blood pressure induced by injected epinephrine. The actions of a number of other adrenergic blocking agents can also be interpreted in terms of inhibition of norepinephrine action at sympathetic brain centers. For example, the dihydro-ergot alkaloids, which are potent adrenergic blocking agents, usually induce sedation. Dibozane, 1,4-bis(l,4-benzodioxan-2-yl-methyl)piperazine, an adrenergic blocking agent, was recently tested in man for its hypotensive action and discarded because of the considerable degree of sedation it produced, in many
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instances a t doses that did not lower blood pressure.lg We have found, interestingly enough, that it also potentiates the effects of barbiturates. On the other hand, the dibenamine-type compounds do not seem to act as central adrenergic blocking agents. They do not alter the direct effects of epinephrine and other adrenergic stimuli on the central nervous system, nor do they prevent epinephrine-induced hyperventilation or the increased motor activity induced by certain sympathomimetic amines.*O There has been considerable interest in the possibility that disturbed mental function is due to an imbalance in the production or metabolism of serotonin. If the role of serotonin (or norepinephrine) in brain function is that of a chemical mediator, especially of subcortical centers, it seems unlikely that the many kinds of mental illnesses could possibly be explained by the single premise of faulty nerve transmission. This seems too easy a solution of the problem. The chemistry of the brain that could account for the specialized functions capable of memory, evaluation, and selection is undoubtedly extraordinarily complicated, far more so than that which is responsible for the specialized functions of other organs, about which we still know relatively little. The abundance of research with the tranquilizing and hallucinogenic agents and with serotonin may not lead to a profound understanding of schizophrenia, but it may well result in a better comprehension of the integration of the subcortical centers in the brain that regulate the autonomic homeostatic mechanisms., Perhaps it is even more important that research with serotonin and LSD has channeled our thinking concerning brain function and the action of drugs thereon along lines other than those of oxygen consumption, carbohydrate metabolism, the Krebs cycle, and high-energy phosphate formation. These reactions occur in all living organisms, even in the lowest microorganisms. The body is not simply an agglomeration of similar cells, but it is differentiated into organs that have specialized functions, for which specialized biochemical reactions must be responsible. It is probable that subtle biochemical events, peculiar to the brain, will ultimately explain normal brain function and the changes responsible for mental illnesses. I n conclusion, the concept has been developed that a number of mutually antagonistic centers that regulate homeostatic mechanisms in the brain are innervated by serotonergic and adrenergic nerve fibers. It is emphasized that much of the evidence for this thesis is indirect and even meager, and it represents undoubtedly far too simple an answer for a very complicated problem. References 1. RAWORT, M. M., A. A. GREEN&I. H. PAGE. 1948. J. Biol. Chern. 174: 735. HAMLIN, K. E. & F. E. FISCHEK. 1951. J. Am. Chem. Soc. 73: 5007.
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