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* The following abbreviations are used: 5HT (5-Hydroxytryptamine) ; S5HTP (5-Hydroxy-
tryptophan); NE (Norepinephrine); Dopamine (3-4 Dihydroxyphenylethylamine); DOPA
(3-4 Dihydroxylphenylalanine); MAO (Monoamine oxidase); MMT (e-methyl-m-tyrosine);
a-MMTyramines (total of decarboxylation products of MMT).
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While it is true that we are far from understanding the functions of cate-
cholamines and 5HT in brain, the problem is taking on a clearer perspective.
At first the efforts of biochemists, physiologists, pharmacologists and psychiatr-
ists to bridge biochemistry with normal and abnormal brain function yielded
much disorganized information but served to pinpoint many of the obstacles to
interdisciplinary approach. These have arisen largely from misunderstandings
about the meaning of words and concepts among the various disciplines. It is not
surprising that semantic difficulties should give rise to unsuitable experiments
which lead to faulty conclusions all too quickly incorporated into textbooks.

The interdisciplinary approach to the problem of monoamines has raised
many other difficulties, only a few of which will be mentioned :

1) Analytical: Despite the availability of simple physiochemical techniques
for defining the specificity of analytical methods, monoamines are all too often
measured under conditions in which an experimental drug interferes with the
assay. '

2) Interpretation of in vitro results: Inferences are often drawn from bio-
chemical data measured in vitro results: Inferences are often drawn from
biochemical data measured in vitro which does not take into consideration the
structural organization of the living cell. If cell compartmentalization is ignored,
the conclusion might be reached that MAO is unimportant in the metabolism
of NE in vivo, based on data describing the low affinity of the amine for the
enzyme in tissue homogenates.

3) Failure to apply physicochemical criteria to data obtained from iz wvivo
experiments : Rates calculated from steady-state values instead of values shortly
after zero time can result in the conclusion that the hypothalamus has a relative
high permeability to NE ; the lipoid character of cellular and intracellular mem-
branes is often disregarded ; physiological storage is frequently not distinguished
from physicochemical binding; saturation of a process may not> be recognized
as two opposing processes becoming equal ; it is usually inferred that an inhib-
jtor blocks the endogenous formation of an amine on the basis of in wvitro
‘blockade of an enzyme that forms it; conclusions are ofttimes based on data
obtained iz wvitro in the presence of considerable concentrations of irreversibly-
:acting inhibitors like reserpine or MAO inhibitors when the results might be
due to a direct action of inhibitor molecules with a cellular component rather
than the effects of nonreversible inhibition.

The biochemist, for example, uses words like irreversible”, ‘ energy”,
and ‘‘adapt ’, assuming that they have the same connotation in other disci-
plines. We suspect that the psychiatrist is puzzied how a biochemist can con-
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ceive of a drug acting irreversibly for one week and how a microbiologist can
describe the “behavior’ of a microorganism, while the biochemist is baffled
by the problem of how much work ‘“psychic energy’’ can accomplish. The
use of words lacking a common meaning or not exactly defined can lead
to improperly designed experiments and improperly interpreted data. Yet,
despite all the above mentioned difficulties there has been gratifying progress in
our knowledge about the function of brain monoamines.

A number of reviews have discussed the possibility that 5 HT and NE have
a neurohormonal function in brain (1—6). They have one, perhaps essential,
property of neurohormones*(2) in being readily available for physiological need,
and at the same time protected from enzymatic inactivation and uncontrolled
overspill receptor sites (7). This characteristic of a neurohormone permits a
neuron to function as an electrochemical transducer in this sense intracellular
storage depots receive a nerve impulse and respond to it by liberating graded
amounts of biologically active amines which in turn rlgulate neuronal activity.

Moreover, the uneven distribution of 5HT (8—9) and NE (10) in various
brain regions suggests that these amines might be involved in the regulation of
subcortical function. Detailed studies have shown that catecholamines and SHT
are found together in most parts of the brain(9). However, important exceptions.
are the limbic system with its high amount of 5 HT(11) and little NE(12), and.
the corpus striatum (13) which contains almost all the dopamine present in
brain.

Studies of the formation of monoamines in the developing brain also indicate:
their importance in subcortical function. For example, newborn rats and rabbits
are helpless and are deficient in the biochemical mechanisms providing for the
synthesis and storage of brain amines. As a result they have almost no brain
NE and a level of brain 5 HT which is only a fraction that of the adult. The
amine levels progressively rise for about 3 weeks when they approach those of
the adult; at this time the animals show well-developed patterns of behavior.
In contrast, the neonatal guinea pig has well-developed patterns of behavior and
brain amine levels equal to those of the adult(14).

In this paper I deal mainly with processes that make up the amine storage
unit, namely, synthesis, storage mechanisms, release and metabolism, and with
drugs that directly or indirectly affect amine reactive sites by blocking these
processes.

* By neurohormone is meant either a transmitter substance, released from nerve endings
and activating the postsynaptic membrane, or a substance enhancing or inhibiting (modu-
lating) the action of a transmitter.
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NATURE OF MONOAMINES STORAGE PROCESSES

A discussion of the effects of drugs on amine storage should be prefaced
by some remarks on the nature of the process. The concept that 5 HT and NE
are stored was introduced to explain the stability of the amines in tissues; in
fact storage can be regarded as the final step in the formation of amines, mak-
ing them available for physiological release.

In recent years arguments have arisen concerning the question of bound
(stored)and free monoamines, and their measurement, whether or not they have
been freed by a drug. Unless defined these terms are about as meaningful as
those of freedom and bondage at the economic and political level. To describe am-
ines as “bound”” or ‘‘free’’ without defining these indefinite words can only result
in misunderstanding and confusion between disciplines. To the pharmacologist,
the term binding applied to an amine has the connotation of not being freely
available to synaptic sites and to inactivating enzymes. For the biochemist,
bound amine has another connotation—the actual combination of amine with
a cell constituent. The latter definition has led to the formulation that the
amine in the supernatant of brain homogenate represents unstored amine in the
intact brain. Inferences on whether a drug releases brain NE or 5HT are often
based on the amounts of amines in the supernatant. However, conclusions
based on this definition of binding may have no physiological meaning.

For example, the biochemist will tell the pharmacologist that MAO inhibitors
mnot only block MAQO, but also prevent reserpine from releasing brain monoam-
ines. But the pharmacologist, has just given reserpine to a rabbit, pretreated
with a MAO inhibitor, and reports ‘thé animal is about as tranquil as a cat on
a hot tin roof . Naturally he concludes that the excitation results from free
amines made available to reactive sites and stabilized by blockade of MAO.
Similarly the pharmacologist tells the biochemist that reserpine causes a slow
release of 5HT from platelets. But the chemist has just homogenized platelets
:and found no evidence of 5HT being bound in the first place. The physical
chemist will question the conclusions of both: he agrees with the pharmacologist
that reserpine releases 5HT from platelets, but not that the release is slow.
‘On the basis of kinetic studies he concludes that reserpine releases 5 HT rapidly
(from the confinés of the 5 HT pump), and that the slow diffusion of 5 HT into
plasma merely reflects what every physical chemist knows, that a highly polar
substance slowly passes through a lipoid boundary.

These divergent views can be reconciled only by defining the terms ‘“ bound
and ‘““free’’. Since the words must describe a physiological function, the def-
initions should have a physiological meaning, related in some way to availability
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of amines to reactive sites and inactivating enzymes. If they are not free to
get metabqlized or to reach receptors they are stored. Storage is a better
term than binding since it implies potential availability ard avoids the chemical
meaning of binding.

The nature of amine storage has been greatly clarified by recent studies on
the uptake of 5 HT into platelets(15). After it was shown by investigations in
our laboratory (16) that reserpine releases 5 HT from a platelet suspension
in vitro in a molar ratio of drug to indole of several hundred to one, it became
difficult to visualize that reserpine had blocked anything except a carrier me-

" chanism. Indisputable proof that reserpine prevents 5HT uptake by blocking
an active transport system was provided by kinetic data, and was supplemented
by experiments showing that ouabain and certain metabolic inhibitors poison
the process(17).

The storage of amines is obviously a more complex process in nervous
tissue where sites of formation, storage and inactivation are all together, not
to mention the further complication of the presence of amine-containing granules
(18).

Since reserpine blocks active transport in platelets(15), it is not unreasonable
to suspect that it blocks a similar process in the nervous system. The view
that platelets ““ store”” 5HT in a form that becomes free after rupture of cells
is accepted with equanimity, though mrany workers are loathe to concede that
brain tissue might also store some 5HT in a form that becomes free after
homogenization of brain cells. Since there is no evidence that reserpine acts
directly on granules(18, 19) let us look into the possibility that storage in the
CNS is basically similar to that in platelets and that granules are merely an
ancillary part of the overall process.

Fortunately we are helped by the concepts of biochemists like H. Waelsch
(20> who have demonstrated that cellular metabolites are stored in metabolic
compartments or pools which are only evident in the intact cell. Thus labeled
amino acids are taken up by active transport into a metabolic pool, and mix
more slowly with a reserve pool which is in equilibrium with the metabolic pool.
Similarly an amine in brain cells might be present in two pools as suggested
by Hillarp for the adrenal medulla(21).

The granules might hold large amounts of an amine, complexed with intra-
granular components, and would correspond to the reserve pool of the amino acids.
This pool might be in a state of equilibrium with a second, more mobile pool
from which the amine might be released by nerve impulses according to phys-
iological need. On energetic grounds it might be presumed that this amine pool
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is separated from MAO by an intracellular membrane which would also keep
the amine relatively unavailable to reactive sites. The mobile pool might be
maintained by a specialized transport process like that for 5HT in platelets.
Favoring this view are kinetic studies by Dengler ez @/.(22) showing that brain
and heart slices take up labeled NE against a concentration gradient, and that
the uptake of NE is blocked by reserpine and poisoned by ouabain and var-
ious metabolic inhibitors. Particularly significant is their finding that labeled
amine does not readily mix with a large part of the total NE in tissue.

Fig. 1 schematically describes the storage unit which involves the syn-
thesis, storage and metabolism of NE in brain cells. The scheme is not meant
to have any physical counterpart in the brain, but is intended to use physico-
chemical principles to integrate metabolic processes with structure as well as

dopamine
¥
NE (granutes)
NE (mobile pool)

—— receptor \ metabolism

amine pump

Fig. 1. Schematic diagram showing a proposed arrangement of the storage process.
It consists of a lipoid membrane with an amine pump to control passage of
monoamines from the storage pool to receptor and metabolic sites. The
physiological release of the amines from the mobile pool is regulated by nerve
impulses which in some unknown way change membrane permeability. The
amines in granules are a reserve pool, in equilibrium with the mobile pool.

to explain: 1) Functional integration of active transport with amine-containing
granules. 2) Separation of amines from reactive sites and from MAO. 3) Sclf-
regulation of the content of brain amines. 4) Rise in brain amine levels after
a MAO inhibitor. 5) Release of amines and prevention of their uptake by
reserpine.

NE equilibrates between mobile and granule pools which are surrounded by
a lipoid membrane. Contiguous to the membrane are the reactive sites and the
MAO(which presumably surrounds the membrane). An increased demand for
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monoamines is met by drawing on the mobile store; replacement is made by
synthesis, or from granules should the demand temporarily outstep formation.
The amine can penetrate by two processes: active transport which can also be
regarded as a pump to maintain the high level of NE formed inside ; the second
process is passive diffusion. The diffusion coefficient across the lipoid membrane
is quite low since the amine is highly polar. However, the amine leaves the
cell at a rate proportional to the concentration gradient, consequently at high
levels diffusion will be rapid enough to counferact the active uptake, and the
content of NE will reach an equilibrium level.

In this scheme, MAO has a key role of controlling the amount of amines
in the storage pool in the face of continuous synthesis. This role can be expl-
ained on kinetic grounds. Normally the enzyme inactivates NE and keeps the
amine outside the membrane at a low level. As a result, MAO facilitates
diffusion and the level reaches a steady-state well before saturation of the
transport system. After blockade of MAO, the NE level outside the membrane
increases, as a result the concentration gradient will also decrease and diffusion
slows down. The level of amines in the pools will then rise until the rate of
diffusion and synthesis are once more equal. Of considerable interest are
Tecent electron microscopic studies which show that in the nerve cell mitochon-
dria(which contain MAQO) are located around a compartment which appears to
contain the granules(23).

The question arises why blockade of MAO at peripheral nerve endings does
not usually increase the levels of amines. The answer is probably related to the
permeability of peripheral nerve endings as compared to the blood-brain barrier.
After blockade of MAO, diffusion into the blood stream is presumably rapid
enough to prevent a rise in the amine content.

DRUGS ACTING ON MONOAMINES REACTIVE SITES IN BRAIN

Table 1 shows the various ways in which drugs can effect NE reactive
sites, peripherally or centrally. I was tempted to include a similar table
for 5HT but there would be too many gaps and guesses. But I think it
is fair to say that such a table will be available for 5 HT in the not too distant
future.

DRUGS THAT MIMIC AND BLOCK THE ACTION OF NOREPINEPHRINE

A number of compounds called sympathomimetic agents, for example, neo-
synephrine, appear to act by mimicking the action of NE at peripheral nerve
endings. These substances are generally structurally related to NE.

Sympathomimetic agents which cross the blood-brain barrier can act like
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NE both peripherally and; centrally. When they act centrally they produce
behavioral and pharmacological responses similar to those of dopamine (from
administered DOPA). These amphetamine-like effects have been attributed
to stimulation of central adrenergic mechanisms. But it does not seem
logical to attribute the action of these compounds to a mimicking of dopamine in
the corpus striatum. As described later, NE released from sites of action and
stabilized by MAO blockade elicits similar but much more potent effects. Since
dopamine from DOPA forms throughout the whole brain it presumably mimics
the action of NE at reactive sites throughout the brain. i

Table 1. Action of Drugs on NE Reactive Sites

Type of Action Peripheral Central
Mimics action at reactive Neosynephrine Desoxyephedrine
sites
Blocks action at reactive Dibenamine Chloropromazine
sites
Blocks synthesis —_ —_

decarboxylase decarboxylase
inhibitor inhibitor

Blocks metabolism
Blocks physiological release

Blocks storage (non-com-
petitive)

Blocks storage (competitive)

dopamine hydroxylase
inhibitor

MAO inhibitor
Bretylium

Reserpine
Guanethidine
a-methyl-m-tyrosine

Cocaine
Imipramine

dopamine hydroxylase
inhibitor
MAO inhibitor

Reserpine
a-methyl-m-tyroseine

DRUGS AFFECTING SYNTHESIS OF BRAIN MONOAMINES

5HT, NE and dopamine are formed directly in brain, as would ke expected
from the relative impermeability of the blood-brain barrier to these amines(24).
For all practical purposes only two catecholamines are present in mammalian

brain: Dopamine and NE. Almost all the dopamine is in the corpus striatum
(13) while NE is located largely in the brain stem(10).
The main steps in the biosynthesis of catecholamines are as follows:

Tyrosine — Dopa — Dopamine — NE

Enzymes for the last two reactions have now been found in brain(24).

5HT is formed from tryptophan as follows:

Tryptophan —— 5-Hydroxytryptophan — 5-Hydroxytryptamine
The presence of the enzyme that converts tryptophan to 5 HTP has not yet

been demonstrated in brain.
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A substance that inhibits the formation of NE or 5 HT might turn out to
be an interesting physiological tool as well as of possible therapeutic value.
Inhibition of NE could ke accomplished by means of substances that prevent
the hydroxylation of tyrosine, the decarboxylation of DOPA, or the hydroxyl-
ation of dopamine; that of 5 HT by agents which inhibit hydroxylation of
tryptophan and decarboxylation 5 HTP.

Attempts have been made to block amine synthesis by means of decarbo-
xylase inhibitors. This approach is complicated by the fact that DOPA and
5 HTP are decarboxylated by the same enzyme(12, 25). Consequently, a sub-
stance that blocks the formation of 5 HT will also prevent that of NE. A more
serious difficulty results frdm the large excess of the decarboxylase enzyme in
‘brain, so that to block the formation of monoamines, the enzyme must be
inhibited completely.

In this regard we arc learning to distrust the conclusion that an enzyme
inhibitor blocks the endogenous formation of an amine in vivo on the basis of
enzyme activity measured in brain homogenates. Thus, the formation of NE
takes place in a number of steps each one of which supplies the substrate for
the next step. If one of these steps is rapid, the enzyme activity might be in
excess of that needed to form all the substrate needed by a slow step. Even
though most of the enzyme is blocked by the inhibitor, sufficient amounts of
substrate might be available for a subsequent slow step.

To determine whether an inhibitor blocks the endogenous synthesis of an
amine, it is necessary to measure its effect in the living organism. Many
compounds” inhibit DOPA decarboxylase but this enzyme is present in brain in
such large excess that it must be almost completely blocked to affect the form-
ation of endogenous NE. For example, the brain level of NE is strikingly
lowered by the potent decarboxylase inhibitors a-methyldopa(26, 27, 28) and «-
methyl-m-tyrosine(27, 28, 29). At first this effect was thought to be conseguent
to decarboxylase inhibition, but as described later it is now believed that it
results from impariment of catecholamine storage.

To block NE formation it might be more practical to look for compounds
that inhibit the enzymes that hydroxylate tryptophan and dopamine. Such
inhibitors might be highly specific since the two hydrolyses are different(30, 31,
32). 1In addition the blockade of synthesis will be proportional to the degree of
inhibition because hydroxylation is a slow step in the formation of the amines.
The conversion of tyrosine to DOPA is also a slow step and a compound
that inhibits this conversion might also be of considerable interest.

At the prssent moment it is not known what would happen if a drag should
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completely block thke forrcation of either NE or 5HT. The decline in amine
levels will not necessariiy te rapid since this will depend on the rate of utili-
zation of the stored amines which in turn depends on nervous activity.

DRUGS AFFECTIING METABOLISM OF MONOAMINES

Few will disagree ttat MAO has an important role in the inactivation of
5HT (33), but its role in the metakolism of catecholamines is controversial.
Recent Liockemical and electron microscopic(23) studies indicate that MAO has
a special topographical arrangement with the amine storage processes. The
relative importance of MAOQO and catechol-O-methyltransferase(COMT)(34) often
has teen tased on relative affirvities for NE in tissue homogenates. However,
neither enzyme seems particularly important in terminating the action of NE
released at peripheral sympathetic nerve endings.

Unlike acetylcholine released at skeletal muscle, NE need not be rapidly
inactivated. Indeed the action of NE is relatively long lasting, it might even be:
undesirable for NE to be rapidly metabolized after release on its reactive sites.

O-methylation is the principal pathway in the metabolism of circulating
catecholamines(35) ; the enormous activity of the liver seems well suited for
this role(36). But this does not mean that COMT has an important physiolo-
gical role since other enzymes can also inactivate circulating catecholamines..
In fact, it is unlikely that COMT is essential since circulating catecholamines.
are still rapidly metacolized when COMT is completely blocked(37).

MAO has the vital role of regulating the amount amine of in the storage
pool. Such a function for MAO, suggested by this laboratory a number of
years ago, would explain why blockade of MAO results in a rise in amine levels.
of brain and sympathetic ganglia and retards the disappearance of these amines.
after their release by reserpine. In contrast, the blockade of COMT does not
cause a rise in brain amines nor protect the amines from enzymatic inactivation.

after their release by reserpine(38).

MAO Inhibitors

After MAO blockade, the stores of brain amine increases 2 to 3 times(33).
At the steady-state, the aminre levels in mobile and granule pools should rise:
proportionately-the levels reach a new plateau when the rate of passive diffusion.
from the mobkile pool exactly counteracts the transport mechanism. The newly-
formed amines will then over-run on reactive sites. However, the physiological.
responses are difficult to interpret since physiological adjustment by release of
stored amines is still possible despite blockade of MAO.

An MAO inhibitor could cause central excitation, directly or indirectly,.
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from its action on MAO(5). A numker of studies show that in general the drugs
act indirectly by a damage of the enzyme that persists long after the drvg disap-
pears from the tody. On the Fasis of present evidence there is notling fo te
gained in opposing the view that the stimulation is caused by free monoamires
in brain. However, due to a misconception that excitation is elicited by endo-
gerous 5 HT released at its reactive sites in brain (see later), the problem has
been raised whether the stimulatory actions of MAO inhibitors are caused by
free 5HT or by free NE.

In the rabbit brain, the rather slow formation of NE relative to 5HT after
blockade of MAO ras enabled us fo show a close association tetween central
excitation and the elevation in NE level* for a considerakle numker of MAO
inhibitors, both hydrazines and non-hydrazines(39). It is particularly pertinent
that blockade of MAO in dogs and cats elevates brain 5HT but not NE. Pos-
sible reasons why NE does not rise shall not te discussed here, but the impor-
tant point is that MAO inhibitors do not cause excitation in tkese animals(5).

Additional and perhaps more direct evidence that after MAO blockade, free
NE is responsible for excitation is obtained by first deplefing amine stores in
rabbits by means of reserpine and then 3 hours later blocking MAO with the
potent inhibitor MO 911**. There is a significant rise in the levels of free
dopamine and 5 HT which peak within one hour, without the animals recovering
from the effects of reserpine. The NE rises much more slowly; in abtout 3
hours it shows a small but definite rise and the effects of reserpice are com-
pletely counteracted (unpublished observations). These resuits also suggest
that free NE is considerably more active than free dopamine in antagonizing
reserpine effects.

Irrespective of their structure, clinically used MAO inhititors generally lower
blood pressure and in man the effect on blood pressure parallels the degree of
MAO blockade(41). Several workers suggest that the blood pressure change results
from inhibition of synaptic transmission due to blockade of MAO at peripheral
sympathetic ganglia(42, 43). However, Costa e¢f a/l. have shown that complete
inhibition of MAO does not decrease synaptic transmission in sympathetic:

ganglia (44). It is possible that the central pharmacological effects of MAO

* -The rabbit (white New Zealand) is a particularly good animal to measure the effects of
MAO blockade since.there is a good separation in the times that 5HT and NE brain levels
reach a plateau. These animals do not show much change in normal activity but a surp-
rising hyperactivity is elicited by environmental stimuli, such as shaking the cage violently
or prodding with a stick.

** MO 911 N-methyl-N-benzyl-2-propynylamine given by courtesy of Abbott Laboratories(40).
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blockade result from free 5 HT. Since blockade of MAO in cats causes a rise
in brain 5 HT but not in NE(5), it is of particular interest that MAO blockade
elicits orthostatic hypotension in this species(45).

A number of characteristics of MAO inhibitors must be considered in evalu-
ating their effects in animals and man.

1) In early animal studies it was not recognized that reletively weak inhibit-
ors, like iproniazid and niamid, appeared to block brain MAO almost completely
by in vitro assay, but i wvivo there was still sufficient activity to prevent
a rise in brain NE. As a result, an investigator might assume that a
single dose of iproniazid blocks MAO completely without altering behavioral
patterns. On giving another dose of the inhibitor, he might then find that
behavorial changes now occur. The conclusion that in addition to blockade of
MAO some other mechanism is implicated would be wrong. Such difficulties in
applying in vitro data to in vivo effects have made it necessary to devise methods
of determining whether the enzyme is completely blocked in vive. The reali-
zation by biochemists that in order to equate behavioral changes to enzyme inhi
bition it might be necessary to check the degree of functional blockade in vivo
has been one of the unpleasant facts of life shown by studies with brain amines.

2) Some MAO inhibitors exert pharmacological effects due to the action
of drug molecules per se(5). For example, catron(JB 516) exerts a short-lasting
amphetamine-like effect which terminates before blockade of MAO reaches a max-
imum. Parnate(SKF 385)(46) and a-ethyltryptamine(Monase) (47) can exert long-
lasting amphetamine-like actions. In fact much of the action of the latter drug may
be due to this direct action. Generally, MAO inhibitors are of the ‘‘ hit and
run”’ nature; the drugs literally destroy the MAO and the resulting effects
last long after the original drug has disappeared from the body(48). In animal
studies it is usually preferable to use a rapidly-metabolized inhibitor and thus
avoid any direct effects of the drug molecules. In addition hydrazines should
be avoided since they might react irreversibly with other enzymes such as
diamine oxidase. In our laboratory, we have used MO 911; this compound is
a potent MAO inhibitor which exerts no stimulatory action per se and is not a
hydrazine(44). '

3) There is a considerable species difference in the reaction to MAO inhi-
bitors. After complete blockade of the enzyme, excitation will be determined
by the rate at which the NE level rises in brain(5). In mice, rabbits and cats,
brain 5 HT rises rapidly. In mice, the NE level rises more rapidly than in other
laboratory animals, though it is less rapid than that of 5HT (this laboratory
unpublished observations). On the other hand, NE in New Zealand white rabbits
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rises quite slowly, amsd in cats it does not rise at all. Investigators using only
one species might draw quite different conclusions concerning the potency and
the latency in onset of action of MAOQO inhibitors. Researchers working with
mice might conclude on the kasis of a single brain level of amines that MAO block-
ade causes rapid excitation and a rapid rise in levels of both amines, and
that the excitation is due to both amines; the rabbit specialist might be more
positive in stating that NE is the important amine; the cat expert might con-
clude that MAO inhibitors do not do much of anything. Thus with MAO
inhibitors it is especially difficuit to generalize on the basis of results with a
single animal species.

4) Because of the rapid action of certain MAO inhibitors (Catron and MO
911) the capacity of the brain to synthesize 5HT may be approximated from
the rise in level after administration of these inhibitors. The rise in 5HT is
much more rapid than that of NE, but failure to apply physicochemical prin-
ciples can lead to incorrect conclusions. Relative rates of formation should be
determined not from the plateau level, but from the rise shortly after giving
the inhibitor, before processes of disappearance become appreciable. For example,
if levels of 5HT and NE in the mouse rise to the same level in one hour, it
canrot be concluded that they are formed at equal rates. Comparison of the
amounts formed in a few minutes might show that the 5HT is formed much
more rapidly than NE.

Another common mistake is to conclude that monoamines block their own
synthesis because after blockade of MAO a plateau in monoamine level is at-
tained in a few hours. While this could possibly be true, a simpler explanation
could be given based on the view that equilibrium between two opposing rates
occurs when they become equal. Disappearance of the amine by diffusion or by
the action of another enzyme, ordinarily slow, will gradually ircrease as the
concentration of free amine increases until the disappearance rate becomes
equal to that of formation.

Another example of failure to distinguish an equilibrium level from a rate
has even led to the conclusion that reserpine inhibits the synthesis of 5 HT.
This view was based on data showing that in reserpinized animals the rise of
brain amines one hour after treatment with a MAOQO inhibitor is less than in
normal animals. This conclusion does not take into account that the rate
may be the same, but the equilibrium level lower because of impairment
of storage.

If reserpine is given shortly after blockade of MAO, NE and 5 HT liberated
by reserpine are no longer inactivated nor can they readily disappear into the
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blood stream because of the low permeability of the blood$brain barrier to the
amines. Accordingly, the amines become freely available to reactive sites.
Evidence described later indicates that the free NE is responsible for the
physiological antagonism of the reserpine sedation. Among other interpreta-
tions of the failure of reserpine to produce either sedation or a decline in brain
amines is that MAO inhibitors not only block MAO, but prevent the action of
reserpine in releasing brain amines. Such an interpretation is possible -only
by ignoring the excitatory effects of this drug combination (49), by ignoring
blood-brain barrier and by disregarding the failure of MAO inhibitors to prevent
release of 5 HT from platelets and NE from peripheral nerve endings. Failure
to give a non-physiological meaning to the term storage, and to apply physico-
chemical considerations has resulted in literaliy dozens of papers arguicg this
point. When tritiated NE is administered after a MAO inhibitor the amount
of amine retained by storage processes in treated animals is much greater than
that of controls(50). One can ignore the importance of blocking MAO in these
studies only by giving the inhibitors the property of enhancing the amine pump.

Clinical aspects of MAO inhibitors

The ““irreversible”” mode of action of MAO inhikitors poses the problem of
dosage regulation since the effects of these inherently dangerous drugs are
related not to plasma levels, but to the extent of MAO blockade. It is diffi-
cult to decide if a poor clinical response is caused by underdosage, or if side effects
arise from overdosage. Since there are now available simple clinical tests such
as the increase in urinary tryptamine or tyramine (51), it is now advisable to
determine the degree of MAO activity during the adminstration of MAO inhi-
bitors. This precaution might be particularly valuable in avoiding toxic effects
in susceptible individuals and in assessing the therapeutic value of MAO blockade
in depressed patients. Like reserpine the slow onset of action with MAO inhi-
‘bitors is not due to the slow action of the drug, but to the way it is adminis-
tered. An adequate effect might be attained in a single dose, but this would
bring all the dangers of overshooting the mark and produce undesired hyper-
excitation of long duration.

DRUGS AFFECTING MONOAMINES STORAGE PROCESSES

Non-competitive inhibitors

Reserpine impairs the active transport systems which maintain NE and
5HT in their mobile pools. As a result, the amines diffuse through the storage
membrane and are metabolized by MAO surrounding the storage process. Since
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the two pools are in a state of equilibrium, the intragranular amines will also
reach MAO, via the mobile pool. Although 5HT is the better substrate for
MAQO, the content of both brain amines declines at the same rate. This result
suggests that diffusion across the storage membranes rather than metabolism
is a slow step in the disappearance. Despite the liberation of considerable
amounts of NE after reserpine administration the increase in adrenergic activity
is not marked since most of the amine is released onto MAO ; in contrast, when
nerve impulses are acting on storage membrane, it is probable that the amine
is released mainly onto reactive sites.

The action of reserpine is non-reversible since it does not depend on drug
-concentration in brain. Reserpine appears to destroy the storage process, and
the amines accumulate again only after the process is restored. The effects
persist long after the drug has disappeared from the body (52), since the phar-
macological action is not caused by the drug molecules per se, but by the extent
to which storage is blocked.

The observation that traces of labeled reserpine (.008y/g) are present in
‘brain 48 hours after drug administration has been interpreted as valid evidence
that reserpine acts per se rather than indirectly (53). Since the radioactivity
in these experiments was no higher in 8 hours when the animal showed the
greatest sedation, than in 48 hours when the animal had recovered, one must
assume that the labeled material was, at least in part, bound to non-specific
brain constituents. But accepting the premise that some of the counts were
due to a complex of reserpine with the storage receptor, the action would still
be a non-reversible one, since the drug is so tightly complexed that neither the
receptor nor the drug retain their original identity. Indeed it is difficult to
imagine an *“irreversible >’ reaction of drug with body structures which does
not result in some persistent residue of a drug-receptor interaction.

The problem often arises whether reserpine acts on two different mechanisms
since it acts immediately on platelets in preventing the uptake of 5 HT but
only slowly effects its release. However, it is unnecessary to create two mech-
anisms. After blocking the active transport system, platelets immediately
«cease to take up 5HT but a slow passage of the amine from platelets is an
‘inescapable consequence of its low lipoid solubility.

The hypotensive drug, guanethidine, releases NE from peripheral sympa-
‘thetic neurons but has relatively little effect on 5 HT (54). The drug presum-
ably because it does not enter the brain, it does not affect brain NE. The
mechanism by which guanethidine releases NE appears to differ from that of

reserpine. For example, it takes a considerably longer time for the guanethidine



122—(16)

to deplete heart NE. The possibility has been considered that it acts on the
mechanism whereby the nerve impulse triggers the release of catecholamine
and depletes the amine by eliciting a sustained activation of the normal process
of physiological release. In accord with this view, guanethidine no longer depletes
heart NE(55) in rats pretreated with bretylium, a compound which suppresses
the release of NE caused by nerve stimulation(56). However, bretylium does
not prevent the depletion of NE by reserpine suggesting that reserpine and
guanethidine block the storage by different mechanisms.

As described later, certain analogues of NE, for example «-methyl-m-tyr-
amine also block storage of NE by a nonreversible reaction, but their precise
mechanism has not been elucidated.

Clinical aspects

Many physicians believe that reserpine has a slow onset of action because
it often takes several weeks before the drug shows a clinical effect. As a
matter of fact, the drug acts quite rapidly. The difficulty in controlling reser-
pine therapy stems from the peculiar way the drug acts. The action of most
drugs is readily reversible and the intensity of the effects is dependent on tissue
levels. Such drugs rapidly bring about the desired clinical effect which can be
easily adjusted by a change in dosage. However, the action of reserpine, de-
spite its rapid disappearance from the body, is not readily reversible and
it has been described as a ‘ hit and run’’ drug because the biological effects
persist long after treatment has stopped. For this reason large *‘prim-
ing >’ doses of reserpine are rarely administered for fear of overshooting the
mark and producing prolonged signs of overdosage. To avoid this danger,
reseripine is administered in small daily doses; although the drug is present
only transiently each day, its effects accumulate and reach a plateau after days
or even weeks, Even when given in this way, reserpine is not easy to handle
since the biological response may peak at too high an intensity.

Because of these considerations, we have collaborated with Dr. A. Plummer
of Ciba to develop reversibly acting derivatives of reserpic acid. As
a result of these studies, ethers of methyl reserpate such as the simple
methyl ether, have been developed which exert short-lasting and non-accum-
ulative reserpine-like action(57). Dr. A. Pletscher and his group(58) have shown
that a number of synthetic benzoquinolizine derivatives also exert short-lasting
effects(59).
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Competitive inhibitors of storage processes

A number of other drugs including cocaine (60), imipramine (61), and des-
methylimipramine(62), antagonize in vivo and in vitro the uptake of administered
'NE by tissues and thereby prolong its action. Desmethylimipramine is particul-
arly potent, inhibiting the uptake of NE in brain slices by about 50% at 10—9M.
$Since imipramine and cocaine do not release appreciable amounts of NE, the
inference has been made that release and uptake of the amines are brought
:about by entirely different processes. However, kinetic considerations show
that imipramine and cocaine could compete for NE with the storage process.
In fact, Titus (62) in our laboratory, has shown that desmethylimipramine
inhibits the uptake of NE, the degree of blockade depending on the ratio of
the respective plasma levels. Calculation of the data of Muscholl indicates
similar results from cocaine(60). Actually, if a drug like cocaine blocks the
uptake from plasma of NE (5y/liter) it would release only negligible amounts
of the amine if inside the storage pool NE was 100 times more concentrated.
“Tyramine and amphetamine also inhibit the uptake of NE (61). In large doses
these substances release some of the amine. Since these analogues of NE
‘readily penetrate lipid membranes, it is possible that their liberating action
is in part due to a direct action on the granules(63).
«To be continued.)
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B.U.) 11(2) 385-402, 1961

An electron microscopic study of eccrine sweat glands of the cat foot and toe
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JW. & Tye A.) 17(3) 473-478, 1961

Effects of injection of mepesulphate into the cerebral ventricles of cats (Joseph
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“The depressor effect of serotonin and tryptamine on chicken blood pressure
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Interaction of serotonin with vasoconstrictor agents in the vascular bed of the
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in tke heart-lung preparation of the dog (Liebman J.) 133(1) 63-69, 1961
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(Volle R.L. & Koelle G.B.) 133(2) 223-240, 1961
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Demonstration of tolerance and physical dependence in the dog following a
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The absence of blood-brain barrier from certain areas of the central nervous
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sions (Rosenthal F., Timiras P.S. & Roberts K.E.) 133(3) 364-370, 1961
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outside the blood-brain barrier (Wilson C.W.M., Murray A.W. & Titus E.)
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‘The effect of a number of central depressant drugs upon brain 5-hydroxytry-
ptamine levels in the rat (Bonnycastle D.D., Bonnycastle M.F. & Anderson
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Central inhibition of vasomotor activity by guanethidine (Kaneko Y., McCubbin
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Some pharmacological effects of two tetrahydrocannabinols (Dagirmanjian R. &
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Studies on cellular adaptation to morphine and its reversal by nalorphine in
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“The mechanism of serotonin and tryptamine induced vasodepression in the
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tissues (Abood L.G., Koketsu K. & Miyamoto S.) 202(3) 469-474, 1962



137—@31)

Localization of gold in mouse brain in relation to gold thioglucose obesity (Deb-
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202(4) 757-760, 1962

J. cell. comp. Physiol.

Microelectrode study of taste receptors of rat and hamster (Kimura K. & Bei-
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A spectrophotofluorimetric method for the determination of serotonin(5-hydroxy-
tryptamine) in plasma (Crawford N. & Cohen S.) 7(1) 114-121, 1962

Neurology (Minneap.)

A study of subdural effusions in an infant (Rabe E.F., Elyynn R.E., Dodge P.
R 12(2) 79-92, 1962
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Jr.) 12(3) 208-212, 1962

Psychiat. et Neurol.
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“ COMPARATIVE NEUROCHEMISTRY ”’
ST. WOLFGANG, AUSTRIA
10—15 JUNE, 1962
Monday, 11 June

STRUCTURAL CHARACTERIZATION OF THE NERVOUS
SYSTEM IN DIFFERENT SPECIES

Morning
V. Hamburger Review: Structural differences that underlie behavioural diff-
erences in different species.
Margaret Murray Myelin formation and neuron histogenesis in tissue cuiture..
J.D. Robertson Contact relationships of cell membranes in different species.
Afernoon
F. Knowles Review: The organization of the nervous system in different:
phyla.
G.B. David The cytoplasmic network in neurones of vertebrate and in-
vertebrate species.
Rita Levi-Montalcini The sympathetic nerve growth factor.
and P.O. Angeletti
G.A. Horridge Structure and function in the elementary nervous system.
General Discussion The significance of structural variation in different specis..
Tuesday, 12 June
CHEMICAL COMPOSITION AND METABOLISM OF
NERVOUS TISSUES IN DIFFERENT SPECIES
Morning
W.C. McMurray and Lipids of the vertebrate and invertebrate nervous system.
R.J. Rossiter
R. Pacletii Regulation of lipid metabolism in different species,

A. Lowenthal, M. von Sande, Proteins and enzymes of the central nervous system in
D. Karcher and J. Richard different species.

M.K. Gaitonde Metabolism of lipoproteins in different species.
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L. Amaducci

F.O. Schmitt
Afternoon

P. Mandel

A, Lajtha
Y. Tsukada

Nora Frontali

E. Roberts

General Discussion

The distribution of proteolipids in different species.

Protein synthesis in neurons and glia.

Distribution and metabolism of RNA in the vertebrate central
nervous system,

Blood-brain barrier and active transport of amino acids.

Distribution of amino acids in the brain in different species.

" Synthesis of GABA from !*C-substrates by brain homogen-

ates of vertebrate and invertebrate species.
Comparative neurochemistry of amino acids.

Variation of chemical composition and metabolism of nervous
tissues in different species.

Wednesday, 13 June

CHEMICAL COMPOSITION AND METABOLISM

Morning

S. Berl, S.C. Cheng
and H. Waelsch

R. Balazs
E. Egana and M.1. Velarde

H.H. Hillman

R.V. Coxon
General Discussion

Afternoon free

(continued)

Carbon dioxide fixation in vertebrate and invertebrate
nervous tissue.

Operation of the Krebs cycle in nervous tissue of different
species.

Effect of H,0, on the respiration of normal and irradiated
central nervous system of the rat.

The ionic composition of the nervous system in different
species. .

The blood-brain barrier to urea in different species.
Variation of energy metabolism and ionic composition.

Thursday, 14 June

CHEMICAL ASPECTS OF FUNCTION IN THE

Morning
A.V. Palladin

L.C. Mokrasch and
H.J. Grady

H. Heller

Lucie Arvy
H.E. Colhoun
M. Schachter

NERVOUS SYSTEM

The metabolism of the brain during hibernation.

Respiratory and glycolytic enzymes and cholinesterase in
relation to hibernation.

Class and species differences in the distribution of hypoth-
alamo-neurcohypophyseal active peptides.

Enzyme distribution in the hypophysis in different species.
Pharmacologically active substances in insects.

The distribution of acetylcholine and other active substances
in insects.



Afternoon
J.H. Welsh

O. Hornykiewicz
B.B. Brodie and
D. Bogdanski

Nancy J. Lane
D.B. Carlisle

‘Catherine Hebb

‘General Discussion
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The distribution of 5TH in the vertebrate nervous system.

The distribution and metabolism of 5HT and catecholamines
in the brain of different species.

Formation, storage and metabolism of 5HT and catecholam-
ines in the amphibian brain.

Neurosecretory function in the gastropoda.

What makes the shrimp’s heart beat faster?
mechanisms in crustacea).

(Neurochemical
The distribution of acetylcholine and choline acetylase in

vertebrate tissues.

Variation of functional mechanisms in different species.

Friday, 15 June

COMPARATIVE NEUOROPHARMACOLOGY

Morning
Martha Vogt

S. Szara
Margaret Murray
H. Sobotka

Maria Wollemann and
Katona Ferenc

M. Mirolli and J.H. Welsh
Afternoon
E. Bueding

G.R. Pscheidt and
H.E. Himwich

General Discussion

Some species difference in responses to drugs.

Behavioural correlates of 6-hydroxylation and the effect of
psychotropic tryptamine derivatives on brain 5HT levels.

Actions of drugs and toxic substances on nerve cells in
tissue culture.

Different responses of lower and higher vertebrates to a
neurotoxic agent, holothurin.

Colour film: Effects of phenothiazine derivatives in inver-
tebrates.

Actions of reserpine and LSD on the behaviour of molluscs.

Neurochemical mechanisms in relation to anthelmintic action.,

Comparative studies of the effects of monoamine oxidase
inhibitors in different species.

Variation in response of different species to pesticides and
drugs.

IBRO (International Brain Research Organization)
DFEH: 7x0—-2V7, IEF—4L

IBRO O44fED Bulletin No. 1 x k2%, WEWESEND LHOEE 21 U5, 1962—634F
EERLONEBO7 = a—vy FIeD 5 KEDHW, TIEF— AT 2ENIMTHILD.

1963—644F fLicid, 7= —y FOMH0—BAICA S RA. T ESBCHATLNLL. BE
TERIRATHH (B8 ##B2dbc, IBRODEMEHEE NS &5 FEAT » DT 5.
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BERETDLCEAREE Nz, Dtk Jacobs, Bosk FHEHFOFELEA LB HEZINICED .

Lp L1960 E Y Polani PYPERE460FEHESLHE L, No. 14L& No. 2lDiEEEEIHL &P
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