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BASIC NEUROPHARMACOLOGY

In the past two decades, with the advent of the large scale use of drugs
in psychiatric practice, the field of neuropharmacology has inevitably become
closely linked to that of psychiatry. There has been an increasing involvement
of psychiatrists as partners in basic as well as clinical neuro-pharmacological
research. These developments are leading to a reversal of the previous trend

toward an isolation of psychiatry from the biological sciences.

Basic neuropharmacology can be defined as the study of the actions and
mechanisms of action of drugs on the nervous system. In a broad sense,
efforts toward the elucidation of mechanisms of neurotropic drugs action
depend for their success upon the growing sophistication of theory and
methodology in neurobiology. At present, basic information about the action
of drugs at multicellular, cellular, subcellular, microchemical, and molecular
levels is approaching the point where we can soon expect a coherent and
highly specific analysis of the mode of action of almost every major drug of
interest to psychiatry. These promising developments hopefully will lead to a
transition from a “cookbook” use of drags to a rational pharmacotherapy in

the future.

A major emphasis of research in neuropharmacology has been upon
presumptive transmitter substances and their vicissitudes. If the chemical

transmission of impulses across synaptic junctions represents the common
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coin of communication in the central nervous system, then the alteration of
such transmission is likely to represent a key site for the action of drugs that
alter neural function. The specificity of drug action would then depend upon
which synapse or transmitter is affected and the direction of the change (i.e.,
facilitation or inhibition). Although superficially such a formulation seems
quite simple, on a practical level the study of transmitter substances and
synaptic transmission in the mammalian central nervous system poses
formidable technical problems for the neurobiologist and pharmacologist.
The amounts of the transmitters may be very low (e.g., 10 to 1077 g/kg of
brain) the neurons under study exceedingly small (ten to twenty microns in
diameter) and the synapses difficult to isolate. It will therefore be
illuminating to examine first some basic neural mechanisms and the methods
employed in their study. The economy of this approach is that a few
fundamental principles apply to many drugs. The second portion of this
review will deal with current concepts of the mode of action of specific classes

of therapeutic and nontherapeutic psychotropic drugs.

Mechanisms of Psychotropic Drug Action: Basic Approaches and Principles?
Biochemical

Presumably, since drugs are chemical agents, their primary site of

action must be some kindred chemical site within the brain. Early on research
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on the central effects of neurotropic drugs was largely concerned with
processes such as energy metabolism, which were not peculiar to the brain. It
was natural to apply to studies on the brain knowledge about general
biochemical processes previously gained from research on non-neural
tissues. However, this approach has gradually been superseded by studies on
substances that are specific for the essential functions of the nervous system.
There is a great deal of experimental support for the assumption that in the
mammalian brain neurotransmission is mediated by chemical substances,
liberated at the nerve endings of one neuron (the presynaptic cell) that
impinge upon the soma or dendrites of another neuron (the postsynaptic cell).
Thus, a great deal of attention is being given to the study of effects of
psychoactive drugs upon putative transmitters in the brain. Substances in this
category include acetylcholine, y-aminobutyric acid, and the monoamines,
serotonin (5-hydroxytryptamine), dopamine, and norepinephrine. In general,
in order to qualify as a neurotransmitter a substance should be synthesized
and stored in the presynaptic neuron, be released upon firing of that neuron,
and produce the same physiological action (inhibition or excitation) upon the
postsynaptic neurons as activation of the presynaptic nerve. Also, some
mechanism for terminating the action of the transmitter must be available. As
one might expect, each of these steps in the life cycle of the various candidate
central transmitters is undergoing careful scrutiny as a possible site of drug

action. While biochemical approaches to each of these processes are
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separately discussed, it is important not to lose sight of the fact that the
ultimate importance of each step is in relation to its ability to modify synaptic

transmission.

Synthesis is the initial stage at which a drug may effect the availability of
a transmitter substance. It is generally assumed that when the synthesis of a
transmitter is markedly inhibited, the transmission of impulses via this
transmitter will be impaired. Similarly, if the synthesis of a transmitter
substance is enhanced, then a facilitation of transmission may ensue. On this
basis, a search has been underway in recent years for specific inhibitors or
enhancers of neurotransmitter synthesis. Although none of the major drugs
presently used therapeutically in psychiatry is believed to have as its primary
action an alteration in synthesis (see below) there are a number of substances
of this type whose actions are being explored in research studies in both
animals and humans. One of these is parachlorophenylalanine, a selective
depeletor of serotonin that acts by inhibiting tryptophan hydroxylase, the
initial enzyme involved in the synthesis of serotonin from dietary tryptophan.
The availability of this drug has prompted a multitude of research studies on
the possible physiological function of serotonin. These have included the
interesting hypothesis that serotonin serves to mediate sleep mechanisms in
the brain. Another is alpha-methyl-p-tyrosine, a selective inhibitor of tyrosine
hydroxylase, the limiting enzyme in the synthesis of catecholamines. This

drug has been found to exacerbate some depressions in humans and to
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produce a state resembling depression in monkeys. Conversely, L-3,4-
dihydroxyphenylalanine (L-Dopa) which increases brain catecholamine
synthesis, has been found to induce manic episodes in bipolar depressive
patients. Such studies have implications for both the mechanism of action of
psychotropic drugs and for theories about possible biological factors in these
disease states. Moreover, this work underlines the potential influence of
altering the rate of neurotransmitter synthesis. In the field of neurology, this
strategy has led to the introduction of L-Dopa in the treatment of Parkinson’s
disease. Autopsy material from patients who died with this disease revealed a
marked lowering of dopamine in portions of the extra-pyramidal system. On
this basis it was reasoned that a deficiency in dopamine may account for the
motor disturbance seen in this condition. Clinical trials with L-Dopa, the
immediate precursor of dopamine, gave rise to dramatic therapeutic results
that are now well known. A parallel instance in psychiatry (i.e., of a drug
producing a clear-cut therapeutic effect by altering the synthesis of a

neurotransmitter) remains a possibility for the future.

The storage of neurotransmitters is believed to occur largely within
synaptic vesicles. The latter are small membrane-bound structures that are
clustered at the presynaptic terminals. Only a very small percentage (much
less than 1 percent) of the total store is released with each nerve impulse.
However, depletion of stores can interfere with the effective release of

transmitter by nerve impulses. None of the therapeutic or even
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nontherapeutic drugs commonly used at this time acts primarily through this
mechanism, but drugs that deplete stores of transmitter substances are
nevertheless of considerable historical interest. In the mid 1950s, Brodie and
his coworkers discovered that the drug reserpine, derived from the Indian
plant Rauwolfia serpentinia, markedly reduced brain stores of serotonin. Soon
afterwards, it was found that catecholamines in the brain were also depleted.
Such a depletion of stores within the nerve terminals is sometimes referred to
as “intraneuronal release,” which is to be distinguished from “extraneuronal
release” (i.e., release from the nerve endings onto a postsynaptic cell).
Reserpine was used as a tranquilizer to a limited extent during that period
(i.e,, 1950s) but it never achieved the great success and acceptance that was
accorded the phenothiazines, which were also introduced during the same
period. Nevertheless, the demonstration that dramatic changes in brain
monoamine levels were caused by reserpine provided a great impetus to the
belief that the action of psychotropic drugs could be explained in terms of

alterations in neurohumoral or neurotransmitter functions.

The next stage in the life cycle of a neurotransmitter comes with its
release from the presynaptic terminals onto the postsynaptic cell, where it
presumably interacts with a “receptor” site. It is presumed that a transitory
transmitter-receptor complex forms and then triggers an alteration in ionic
conductance within the postsynaptic cell membrane. Such conductance

changes (e.g., to the entry of Na+ or Cl) are responsible for the altered
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functional state of the postsynaptic cell (either depolarization or
hyperpolarization). A drug that releases a transmitter substance can
therefore produce quite profound effects upon neural functioning. There is
much evidence, for example, that amphetamine and other stimulant drugs
produce their effects by releasing catecholamines from nerve terminals onto
postsynaptic sites (see below). Conversely, drugs that block the action of
neurotransmitters at receptor sites may have powerful antagonistic actions
within these same systems. The phenothiazines appear to block the central
effects of the catecholamines, and thereby act in opposition to the
amphetamines. In general, the influence of psychotropic drugs on the release
and subsequent action at postsynaptic receptors of neurotransmitters

represents a key site in the consideration of their mechanism of action.

At the next stage, a drug may interfere with termination of the action of a
neurotransmitter. The classical example of this is where a drug inhibits
enzymes responsible for the transformation of the active transmitter into
inactive products or metabolites. As a consequence, the transmitter will
persist in the vicinity of the postsynaptic receptor site and continue to
produce its effects. It has long been known that drugs that inhibit
cholinesterases, the enzymes that hydrolyze acetylcholine into its inactive
substituents, acetate and choline, potentiate the activity of this
neurotransmitter. Ultimately, if sufficient acetylcholine accumulates the

postsynaptic membrane may fail to recover from such excessive activation
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and a block in transmission can result. With the more commonly used
psychotropic drugs, the monoamine oxidase inhibitors exemplify this
paradigm of degradative enzyme inhibition. Monoamine oxidase is the
principle route of destruction for serotonin and an important one for the
catecholamines. Thus, monoamine oxidase inhibitors should promote the
effects of these monoamines in the brain, and they have been used in the
treatment of depressive illness. However, when monoamine oxidase is
inhibited, “false” neurochemical transmitters may accumulate in nerve
endings and, paradoxically, an impaired release of the normal transmitter can
result. Moreover, when an important degradative pathway in the body is
blocked, serious side effects may ensue from the accumulation of toxic
substances that require this pathway for their destruction. This proved to be
the case for the monoamine oxidase inhibitors, since large amounts of
sympathomimetic amines can accumulate, particularly after the ingestion of
cheese and other foods high in these substances. In some cases, severe
cardiovascular damage occurred in depressed patients who were being
treated with monoamine oxidase inhibitors. Therefore, a need for an alternate
means of enhancing the activity of monoamines was created. An alternate
mechanism came to light ex post facto when it was discovered that the
tricyclic antidepressant drugs were powerful inhibitors of reuptake into
presynaptic terminals. The concept has emerged that reuptake of

monoamines released from monoaminergic neurons represents the major
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mechanism for the termination of the action of these substances. By blocking
uptake, the concentration of a transmitter at the synaptic junction should be
elevated and its action thereby enhanced. However, since degradative
enzymes are still intact, an excessive accumulation of toxic substances is
avoided. Thus, blockage of uptake represents an important mechanism to

consider in assessing the action of psychotropic drugs.

Finally, drugs may alter the number or sensitivity of the postsynaptic
receptor sites. The “receptors” per se are essentially theoretical constructions
and are inferred to exist because of functional changes in postsynaptic cells.
They are presumably macromolecules with proteolipid and glycoprotein
constituents that interact with transmitter substances or drugs in a lock-and-
key fashion. Drug-induced changes in receptor sites are no doubt of great
importance, particularly for long-term, adaptive changes such as may occur in
states of tolerance or addiction. A phenomenon resembling denervation
supersensitivity, which is commonly seen at peripheral neuro-effector
junctions, has been found to occur in the striatum following chronic
disruption of the nigrostriatal dopamine pathway. The effects of L-Dopa and
apomorphine (a dopamine agonist) are greatly enhanced under these
circumstances. Presumably, in response to post-lesion reduction in dopamine,
there is a compensatory increase in the number of receptor sites upon the
striatal cells. It seems safe to predict that many other instances of long-term,

receptor changes of relevance to the effects of narcotics and other drugs will
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be uncovered in the future.

Neurophysiological and Histochemical

To have physiological or behavioral meaning, the net effect of drugs
interacting with neurotransmitters and receptors eventually must be
expressed in terms of an altered rate of firing of neurons. On the simplest
level, one can examine the effects of drugs on the firing of single neurons
within homogenous populations. On a more complex level, the actions of
drugs on systems of neurons within multisynaptic pathways can be
investigated. Finally, an analysis of the read-out of such neuronal systems on
a behavioral level is needed for a complete understanding of the “mechanism
of action” of a psychotropic drug. Elsewhere in this volume the more complex
indicators of neuronal function (e.g., EEG and behavior) will be discussed; this

review will be limited primarily to drug actions at a cellular level.

During the past decade, techniques have been developed that permit
not only the recording of action potentials (spikes or unit activity) from single
neurons in the mammalian brain but also the application of minute amounts
of drugs or transmitter substances through multi-barreled micropipettes
during such recording. The latter technique, which is termed “micro-
iontophoresis” or “electrophoresis,” was originally developed by Curtis and

Eccles. It provides a powerful tool for the analysis of drug action at a cellular
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level. Only by directly applying drugs or putative transmitters to individual
neurons by such micro-methods can it directly be established that a
substance has a primary action upon a particular neuron under study. A
second development during this same period has been the discovery of
histochemical methods by which certain neurons within the brain can be
identified according to their specific neurotransmitter content. Most
prominently, this has been achieved for the monoamine-containing neurons
in the brain. Heller and associates by means of selective brain lesions first
provided evidence for the probable existence of monoamine neuronal
pathways. These investigators found that this pathway traversed the medial
forebrain bundle in the lateral hypothalamus. Dahlstrom, Fuxe, and their
associates, utilizing the formaldehyde-condensation, histochemical-
fluorescence method of Falck and Hillarp, directly determined and mapped
the location of monoamine cell bodies and terminals in the brain. Three
principal monoamine pathways were discovered: (1) a nigrostriatal
dopamine system whose cells of origin are situated in the zona compacta of
the substantia nigra and projections in the caudate nucleus, accumbens
nucleus, and olfactory tubercules; (2) a “noradrenergic” pathway with cell
bodies in the locus coeruleus and brainstem, reticular formation, and
projections to various parts of the forebrain, including the hypothalamus,
hippocampus, and molecular layer of the cerebral cortex; and (3) a

“serotonergic” system with cell bodies in the raphe nuclei of the brainstem
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and projections to the hypothalamus, amygdala, and other portions of the
limbic system. The far-reaching implications of this discovery are currently
permeating all aspects of research in neuropharmacology. It should be
apparent that the identification of chemically specific neuronal systems sets
the stage for integrating biochemical and neurophysiological knowledge on
the mechanism of drug action. Specific examples of drug effects on
histochemically characterized brain neurons will be given in some of the

sections that follow.

Mechanism of Psychotropic Drug Action: Major Drug Classes

Antipsychotic Drugs

The principal drugs in this category are the phenothiazines and
butyrophenones, as exemplified respectively by chlorpromazine and
haloperidol. Chlorpromazine was first suggested for possible use in
psychiatric patients in the early 1950s by Henri-Marie Laborit, a surgeon who
had been testing a series of phenothiazine antihistamines as adjuncts to
anesthesia. It is interesting to note that the denotation applied to these drugs
has changed since their introduction and early years of use. They were
originally most commonly called “tranquilizers” or “neuroleptics,” but partly
as a result of the NIMH and VA hospital collaborative studies are now usually

termed “antipsychotics.” This significant shift in terminology was based on
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the conclusion that although these drugs may initially have some sedative
actions, in the long run they do more than merely quiet patients or reduce
their anxieties. On the whole, schizophrenic patients seemed to become less
withdrawn and more involved in affairs of reality, and in that sense “primary”
symptoms of schizophrenia were ameliorated. The significance of these
clinical findings for the pharmacologist is that studies on the mechanism of
action of these drugs may give some insight into the nature of brain systems

that may relate to the brain systems primarily disturbed in schizophrenia.

On a biochemical level, the search for sites of action of chlorpromazine
and other antipsychotics has in the past included investigations upon tissue
respiration (electron transport and oxidative phosphoylation), phospholipids,
and a variety of enzyme systems. In most such systems, some effect can be
seen, but because rather high concentrations are usually necessary, the
relevance of such changes to the behavioral actions of the drugs has been
questioned. Of course, it is possible that the drugs may become concentrated
at critical subcellular sites and thereby alter these basic biochemical systems.
In any event, in recent years the main focus of work on the mechanism of
action of these drugs has moved away from an examination of general
metabolic systems. Instead, attention has focused wupon putative

neurotransmitters.

The occurrence of extrapyramidal side effects in patients who are being
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treated with phenothiazines and butyrophenones is well known to every
clinician. It has been suggested that there is a high correlation between the
potency (on a milligram basis) of the various antipsychotic compounds and
their tendency to produce extrapyramidal side effects. Thioridazine appears
to be a partial exception to this pattern in that the incidence of
extrapyramidal side effects is relatively low at clinically effective doses. In any
event, evidence has accumulated that the antipsychotic drugs may be
powerful blockers of the putative transmitter dopamine. The resulting
reduction in dopamine activity is believed to be responsible for the
extrapyramidal side effects seen with these drugs. Associated with this
apparent receptor blockage is a marked acceleration in the synthesis of
dopamine, which may represent a compensatory feedback mechanism.
Consistent with this notion is the fact that when the synthesis of
catecholamines is inhibited by alpha-methyl-p-tyrosine, the behavioral effects
of antipsychotic drugs in animals is potentiated. Horn and Snyder have
recently determined, on the basis of calculations utilizing X-ray
crystallography measurements, that the active phenothiazines are similar to
dopamine in structural conformation. Since there are several dopamine tracts
outside the extrapyramidal system (e.g., to nucleus accumbens and olfactory
tubercules) Horn and Snyder have suggested that these may be involved in
the antischizophrenic activity of the phenothiazines and butyrophenones.

These investigators also point out that the “similarity of the phenothiazine
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conformation to that of dopamine would also apply to norepinephrine.”

As in the periphery, certain actions of norepinephrine in the brain may
be mediated by the “secondary transmitter,” cyclic AMP (3',5'-adenosine
monophosphate). Norepinephrine stimulates the production of cyclic AMP in
brain slices, and the effects of norepinephrine on Purkinje cells appear to be
mediated by cyclic AMP. Phenothiazines have been found to block the
norepinephrine-induced increase in cyclic AMP in a manner that correlates
with relative antipsychotic potencies. Phenothiazines may also block the
release of norepinephrine from nerve terminals. Single-unit recordings from
norepinephrine-containing neurons of the locus coeruleus and dopamine-
containing cells of the substantia nigra have shown that the antipsychotic
drugs are potent antagonists of the effects of amphetamine upon the firing of
these cells. Interestingly, amphetamine, a drug that enhances dopamine
actions, regularly induces a paranoid psychosis in volunteer subjects. Clinical
effects of amphetamine can readily be reversed by the antipsychotic drugs.
However, this situation is complicated by the fact that under certain
circumstances the phenothiazines, but not the butyrophenones, tend to
retard the rate at which amphetamine is metabolized and therefore prolong
its stay in the body. In any case, on both a cellular and behavioral level the
antipsychotic drugs and amphetamines appear to have opposing actions. It
would appear that the blocking of dopamine and perhaps also

norepinephrine by the antipsychotic drugs can account for both their
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extrapyramidal side effects and amphetamine antagonism.

In addition to their importance in the treatment of schizophrenia, the
antipsychotic drugs in high doses have been of value in highly active stages of
manic-depressive psychosis. However, lithium carbonate appears to be more
effective in long-term treatment of this condition. There is little information
on the basic mechanism of the action of lithium. Since lithium can displace
sodium ions, it presumably may effect neuronal membrane potential,
transport mechanisms and other sodium-dependent processes. In brain
slices, lithium has been found to impair the release of putative transmitters
such as serotonin and norepinephrine. The relationship between these
pharmacological findings and possible biochemical factors in naturally
occurring psychoses such as mania and schizophrenia remains to be
determined. Nevertheless, the discovery that the antipsychotic drugs have
pronounced interaction with the catecholamine systems in the brain
represents an exciting new and fruitful development in our attempts to

understand the mechanism of action of this important class of drugs.

Antidepressant Drugs

Of the many chemical agents that have been tested in the treatment of
depressive illness, the so-called “tricyclic” compounds have emerged as the

most useful clinically. An inherent difficulty in the evaluation of the efficacy of
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antidepressant drugs is the self-limiting nature of most illnesses categorized
as “depressive.” Another difficulty is the fact that clinical response to these
drugs tends to be delayed. Nevertheless, there is fairly wide agreement on the
superiority of the tricyclic compounds as compared with placebo. The
monoamine oxidase inhibitors are felt to be less effective than the tricyclic
compounds, and their use has been limited by the occurrence of serious
cardiovascular side effects. In any case, interest in understanding the basic
mechanisms of action of the various drugs in this category has been given its

main impetus by the clinical finding of antidepressant efficacy.

Imipramine, a close structural analogue of chlorpromazine, was the first
of the antidepressant tricyclics to be tested. It was presumed to be just
another “tranquilizer” and its antidepressant properties were discovered
serendipitously during a routine clinical trial of phenothiazine-related
compounds. Imipramine differs in chemical structure from chlorpromazine
only in the substitution of an ethylene for a sulfide bridge in the middle ring
and the absence of the 2-chloro substituent. Despite these similarities in
chemical structure, the clinical and neuropharmacological actions of the
tricyclic drugs are in most ways entirely distinguishable from that of
antipsychotic phenothiazines. On a clinical level, although the tricyclic
compounds have some sedative effects, they may aggravate rather than
dampen psychotic symptomatology. On a pharmacological level, effects upon

the brain-dopamine system that are so characteristic of the phenothiazines
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and butyrophenones are lacking among the tricyclic drugs.

The first significant clue as to the mechanism of action of the tricyclic
drugs was derived from the basic observations of Axelrod and his coworkers,
that peripheral adrenergic nerves avidly accumulate radioactively-labeled
catecholamines. This work was extended into the central nervous system
with the finding that tricyclic drugs, but not chlorpromazine, blocked the
uptake of exogenous norepinephrine injected into the cerebral ventricles.
When the blood-brain barrier is circumvented by the latter route of
administration, norepinephrine will enter the brain parenchyma and be taken
up into catecholamine-containing neutrons. Presumably, if imipramine or
other tricyclic compounds block the uptake of exogenous norepinephrine,
then endogenous norepinephrine, released by central noradrenergic nerves,
would also be blocked. Since reuptake probably represents the primary
mechanism for terminating the action of norepinephrine upon postsynaptic
receptors, the tricyclic compounds may produce their behavioral effects by

this means.

New data now require some modification and extension of what might
be called the “catecholamine hypothesis” of the mechanism of action of the
tricyclic drugs as presented above. It has been found that some of the tricyclic
compounds are much more potent blockers of serotonin than of

norepinephrine uptake." The differential activity of the various tricyclic
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compounds on uptake seems to depend on the degree of methylation of the
side-chain amine moiety. Those tricyclic drugs which have their side-chain
nitrogen in the tertiary form (e.g, imipramine, amitriptyline,
chlorimipramine) primarily block the uptake of serotonin. On the other hand,
the demethylated analogues of these compounds, in which the side-chain
nitrogen in secondary form (e.g., desmethylimipramine and protriptyline) are
more active in blocking norepinephrine uptake. On this basis, Carlsson has
suggested that these two subgroups within the general category of tricyclic
drugs could have differing clinical actions. For example, he suggests the
tertiary amine forms may have their greatest effect on “mood,” whereas the
secondary amines might primarily influence “drive.” The validity of this
concept of differential uptake and clinical action remains to be tested. It is
important to note that blockage of monoamine uptake may not be a necessary
attribute of all tricyclic antidepressants. Iprindole, a tricyclic compound
containing a ring indole moiety, has been reported to be an effective
antidepressant, yet it appears to lack any effect on amine uptake.
Nevertheless, the studies on tricyclic antidepressants and amine biochemistry
represent an excellent illustration of the mutuality among basic

neuropharmacology and clinical psychopharmacology and therapeutics.

Stimulant Drugs

From the point of view of behavior, the principal drugs of interest in this
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category are the various isomers and analogues of amphetamine and
methylphenidate. The therapeutic uses of these drugs are becoming
progressively narrower as concern over their abuse potential increases. In
psychiatry at the present time, their use is now almost entirely limited to the
treatment of hyperkinetic children. It has long been known from case
histories and field observations that the ingestion of large amounts of
amphetamines is associated with a paranoid psychosis that is often difficult to
distinguish from paranoid schizophrenia. When unaccompanied by the use of
barbiturates or other drugs, the person with the psychosis is free of the usual
signs of confusion or disorientation classically associated with ‘organic”
mental states. However, until the study of Griffiths and coworkers it was not
established that amphetamine, if given in sufficient amounts, would induce a
psychosis in volunteer subjects under controlled conditions. In the latter
study almost all subjects developed a paranoid psychosis within one to five
days with cumulative doses of dextroamphetamine ranging from one hundred
to seven hundred and fifty mg. Contrary to expectation, subjects appeared
depressed rather than elated as the psychosis developed. Since it appears that
a paranoid state can be induced in a regular fashion by amphetamine in most
or all subjects at high-dose levels, this drug can be regarded as producing a
true “model psychosis.” These clinical observations have therefore stimulated

much interest in the basic mechanisms of action of this class of drugs.

On an electrophysiological level it had been observed that d-
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amphetamine causes a decrease in the threshold required for producing EEG
arousal by electrical stimulation of the reticular formation. However, it is
unclear by which neurochemical mechanism such effects are mediated. Of
course, the amphetamines are structural analogues of the catecholamines and
fall into the general category of sympathomimetic agents. However, it was not
until the introduction of alpha-methyltyrosine, a selective inhibitor of
catecholamine synthesis, that the means were available for testing the
hypothesis that the amphetamines may produce their central effects through
a catecholamine mechanism. It has been found that pretreatment with alpha-
methyltyrosine blocked most of the behavioral effects of d-amphetamine. For
example, the disruption of the conditioned avoidance response and excitatory
responses produced by amphetamine in animals can all be blocked by alpha-
methyltyrosine. These studies appear to establish a direct requirement for
the ongoing synthesis of brain catecholamines to sustain the actions of
amphetamine, since the block by alpha-methyltyrosine occurs prior to any

significant depletion of the amine stores.

The foregoing behavioral studies strongly suggest that the central
actions of the amphetamines are mediated through the catecholamines.
Biochemical and histochemical studies give support to this view. Indirect
evidence suggests that the amphetamines can both release catecholamines
from central catecholamine neurons and block their reuptake. The fact that

amphetamines have this dual action on catecholamines would seem to
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provide an explanation for the potent behavioral effects of these drugs, since
extraneuronal release would result in enhanced catecholamine activity at
postsynaptic receptor sites and the block in reuptake would prevent the
removal of the catecholamines from such sites. The action of excessive
amounts of catecholamines at postsynaptic sites may be expected to produce
a compensatory feedback inhibition of the firing of the catecholamine
neurons, and this has been demonstrated by direct, single unit recordings
from catecholamine-containing neurons in the locus coeruleus and substantia

nigra.

Although much evidence now points to a direct mediation by brain
catecholamines of the effects of amphetamine, the question still remains,
which of the catecholamines—norepinephrine or dopamine—is primarily
involved in the production of the paranoid psychosis in man? Since
amphetamine produces several types of behavioral effects in animals, many
studies have been carried out in an attempt to parcel out the relative
contributions of the two catecholamines. The so-called stereotypic behaviors
(e.g., compulsive gnawing) that may be most analogous to the amphetamine
psychosis in man seem to be closely associated with dopamine and the
dopamine tracts in the brain. On the other hand, the increased locomotor
activity induced by amphetamine may involve norepinephrine as well as
dopamine in the brain, Taylor and Snyder have studied this question by

taking advantage of the fact that d-amphetamine is much more potent than 1-
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amphetamine in blocking the neuronal uptake of norepinephrine, but that the
two stereoisomers are essentially equipotent in blocking the uptake of
dopamine by neuronal terminal in the corpus striatum. They have found that
d-amphetamine is ten times more effective than 1-amphetamine in enhancing
locomotor activity, but that the two have approximately the same potency
with respect to compulsive gnawing behavior. If it is assumed that behavioral
potency is a function of the degree to which uptake is blocked, then these
results again suggest that norepinephrine is most important for mediating the
activation and dopamine for the stereotyped behaviors induced by
amphetamine. Taken together, these various results again underline the great
importance dopamine and norepinephrine neuronal systems in the brain may
have for abnormal behavioral patterns and their possible relevance to both

amphetamine-induced and naturally occurring psychoses.

Psychotomimetic Drugs

A great many chemical substances, if ingested in large enough quantity,
can alter fundamental metabolic processes and thereby produce a psychosis
characterized by a generalized disturbance in perceptual, cognitive, affective,
or vegetative functions. However, from a pharmacological standpoint the
drugs of greatest interest are those which have selective actions and produce
a well-defined “psychotic” state. The paranoid psychosis induced by

amphetamine, discussed in the last section, is one example of this. Other well-
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defined drug psychoses include: (1) the delirium states produced by the
anticholinergic drugs; and (2) the “psychedelic” state associated with D-
lysergic acid diethylamide (LSD), mescaline, and related drugs. There has
been much controversy over whether any of these drugs accurately mimic
schizophrenia or other nondrug induced psychoses. Bowers and Freedman
have reported that some acute psychoses begin with a psychedelic state, but
that this may represent only a transient phase in the overall illness. Thus, in
some cases a psychotomimetic drug may be seen as mimicking phases or
aspects of naturally occurring psychoses rather than the whole picture of an
illness in a longitudinal sense. In any event, the significance of the
psychotomimetic drugs for purposes of basic research is the fact that they can
serve as tracers in the identification of chemical and neuronal systems in the
brain that are of importance for the maintenance of normal mental or

behavioral functions.

A specific hypothesis concerning chemical site of action was developed
for LSD shortly after its introduction into pharmacological research in the
early 1950s. Gaddum and Woolley and Shaw introduced the notion that LSD
may produce its effects by interfering with the action of serotonin in the
brain. It was found that LSD antagonized the effects of serotonin on certain
smooth muscle preparations (e.g., isolated rat uterus). Moreover, LSD
resembles serotonin structurally (i.e.,, both contain an indole nucleus) and

serotonin is present in the brain. The hypothesis that LSD acts in the brain by
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antagonizing serotonin was soon questioned as a result of the finding that 2-
brom LSD was as potent as LSD in antagonizing serotonin in peripheral
systems, but had little behavioral effect. Studies in man with a wide range of
LSD congeners have confirmed this lack of relationship between peripheral
anti-serotonin potency and psychotomimetic effect. However, it has also been
found that LSD, particularly at low concentrations, could have a serotonin-like
action in various smooth systems. 82,97,108 gut was apparent that studies
with peripheral tissues could not settle the question of what, if any,

interaction occurs between LSD and serotonin in the brain itself.

Freedman and Giarman, in a logical development from this earlier work
dealing with LSD-serotonin interactions in the periphery, began to investigate
the influence of LSD on the metabolism of serotonin in the brain. They found
that LSD produced a small (60-100 nanograms) but reproducible increase in
the concentration of serotonin in the brain. The LSD-induced increase in
serotonin could be interpreted as resulting from either increased synthesis or

decreased breakdown.

However, the isolated measurement of serotonin concentration gave
little clue as to which general mechanism may be involved. It has more
recently been found that the concentration of 5-hydroxyindoleacetic acid (5-
HIAA), the principal metabolite of serotonin in the brain, is decreased after

the administration of LSD and other indoleamine type psychotomimetics.
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Furthermore, the rate of synthesis of serotonin from labeled precursor (L-
tryptophan) is also decreased. These results point to the possibility that LSD

acts to retard the turnover of brain serotonin.

Based on the dual observations that LSD reduced the turnover of brain
serotonin and that electrical stimulation of the serotonin-containing neurons
of the midbrain raphe nuclei increased turnover, it was suggested that LSD
might depress the firing of raphe neurons. A similar suggestion was based on
the fact that LSD slowed the rate of depletion of serotonin that occurs after
inhibition of synthesis. By means of direct microelectrode recording from
single raphe neurons in rats, it has been demonstrated that extremely small
doses of LSD (10 ug/kg, i.v.) produced a total but reversible inhibition of
firing. This is an invariable finding and occurs both in anesthetized and
unanesthetized animals. This inhibitory effect of LSD was exceedingly
selective and the firing of units outside the raphe nucleus was either
unaffected or increased. The nonpsychotomimetic analogue of LSD, 2-brom-
LSD, which is even more potent than LSD in blocking the actions of serotonin
in smooth muscle preparations, was found to have less than 1 percent of the
activity of LSD in depressing raphe neurons. Taken together these results
reinforce the original hypothesis that LSD might act in the brain by
interacting somehow with serotonin. There are a number of possible
mechanisms that might account for the observed inhibition by LSD of

serotonin-containing (i.e., raphe) neurons. First, LSD might have a direct
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inhibitory action. In support of this possibility it has been found that raphe,
but not other nearby neurons, were inhibited by direct, microiontophoretic
administration of LSD. However, the fact that raphe neurons may be inhibited
directly by LSD does not exclude the interesting possibility that the drug also

acts at postsynaptic sites.

The above studies represent only beginning efforts toward clarifying
the interrelationship between the effects of LSD and the functional state of
the serotonin-containing neurons of the raphe system. Although LSD has been
the most thoroughly studied of the psychedelic drugs in this respect, other
members of this class probably act through similar mechanisms.
Indoleamines such as N,N-dimethyl-tryptamine and psilocybin, which are
structurally related to LSD, as well as certain substituted phenethylamines
(e.g., mescaline) and amphetamines (e.g. 2,5-methoxy-4-
methylamphetamine) resemble LSD in many though not all behavioral effects
and biochemical or neurophysiological actions. In addition, mescaline and
LSD show cross-tolerance toward one another in man. On the other hand,
marijuana or its active principle, A9-tetrahydrocannabinol, although it may be
classified as a psychedelic drug, does not exhibit cross-tolerance with LSD in
man, suggesting that it acts through a different mechanism. In any event, the
elucidation of the mechanism of action of the psychedelic drugs will require
more than simply isolated observations on their effects on serotonin-

containing or other individual neurons. Ultimately, it will be necessary to
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integrate data from the unit level with knowledge about the interconnections
and physiological role of the neuronal systems within which these units

function.

Conclusions

Neuropharmacology: Future Prospects

From the foregoing illustrations it can be seen that information about
chemical and cellular sites of drug action is being elaborated on a wide front.
Undoubtedly, trends that now seem promising will be discarded and other
approaches that are not presently in vogue will supercede them. All drugs
have multiple actions and it is possible that the currently known effects of
certain drugs may not be the crucial ones in terms of behavior. However,
there is every expectation that, in a relatively few years, given the current
level of sophistication in methodology and approach, substantial progress will
be made in the accurate characterization of the relevant mechanisms of action
of most psychotropic drugs. We are closer to this goal in some areas than in
others. The examples discussed in detail (i.e., antipsychotic, antidepressant,
stimulant, and psychotomimetic drugs) seem to most clearly illustrate the
current creative ferment in the field. In each case, a plausible and coherent
basic mechanism of action has been proposed and is supported by a

respectable amount of experimental work. On the other hand, in the case of
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the narcotics and antianxiety drugs, progress toward ascertaining the
mechanisms of action has been less rapid. However, because of public
concern over drug abuse, which is leading to increased support for research
in this area, we can expect a marked expansion in our knowledge of the basic
neuropharmacology of these drugs as well. A decade ago, these goals seemed

much further from reach than they do at the present time.

Implications for Psychiatry

These developments in neuropharmacology will have a continued
impact upon psychiatry in many spheres. First, in the area of training, as
knowledge both about basic brain mechanisms as well as drug action
increases, it will appear more relevant in the future than it has in the past to
include a significant body of neuropharmacology and neurobiology in the
training programs of departments of psychiatry. This will become more than
simply an academic exercise if we reach a stage where an understanding of
the mechanisms of drug action forms the basis for the intelligent clinical
administration of drugs. In the area of psychiatric research, the concepts and
methods of basic neuropharmacology are already having a major influence.
One of the best examples of this is in biological research on the affective
disorders. Neuropharmacological theories of the mechanism of action of
antidepressant drugs (e.g., catecholamine or indoleamine) have led to

investigations upon the status of such systems in patients with disturbances
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in affective states.? Finally, as our understanding of the mode of action of
existing drugs increases, new drugs with improved efficacy or fewer
unwanted effects can be developed. For example, if the antipsychotic drugs
do, in fact, produce their therapeutic effects by blocking dopamine receptors,
it would be useful to restrict this action to those dopamine pathways most
directly concerned with the psychotic process. Since the dopamine pathway
of the extrapyramidal motor system may not be directly involved in the
therapeutic action of these drugs, it would be advantageous to have
antipsychotic drugs that acted selectively upon dopamine receptors outside
this system. Similar possibilities of increased specificity or efficacy exist for all
of the presently used pharmacotherapeutic drugs. Through an understanding
of their mode of action, rational procedures for improving known drugs or

developing new drugs will thus be facilitated.
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Notes

1 For more extensive coverage of this area consult the recent excellent and succinct textbook by

Cooper, Bloom, and Roth.
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2 Developments in this and similar areas are described in some other chapters of this volume.
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