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Abstract,

The mechanism of monoaminergic (i.e. adrenergic, noradrenergic,
dopaminergic, and serotonergic) transmission in general is discussed
on the basis of observations on the effects of various agents
(chiefly precursors and precursor analogs, inhibitors of enzymes
responsible for synthesis and degradation of monoamines, and drugs
interfering with storage and release). The storage granules (or
vesicles) of the monoaminergic nerve terminals, in which the trans-
nitter can be visualized under the fluorescence microscope by means
of a new histochemical technique, appear to have a2 dual function,
i.e. a) to serve as a store of transmitter, and b) to make newly

synthesized transmitter available for release by mermbrane depolari-
zation. The former function does not seeri to be essential, since -
the store can be depleted without any disturbance of transmission.

The latter function seems to be essential: block of the uptake

mechanismn of the granules by reserpine results in block of trans-

mission,
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In the past decade numerous attenpts have been made to correlate
changes in rionoanine levels in brain, inducod e.g. by drugs, with
changes in behavior and other brain functions. The results have
been variable, For example, a fall in the level of one of the mono-
amines may coincide with sedation, excitation or no change in
behavior. It is thus evident that no -strict correlation exists. It
would of course be erroneous to conclude from this that the mnono-
artines of brain are of no functiocnal importance. On the contrary,
we have good reasons for assuning that the catecholamines as well as
5-hydroxytryptamine (5 I'T) serve as transmitters in brain (Falck
1962, Carlsson, A., Falck, B., and Hillarp, N.-4., 1962). There are
also good rceasons for a poor correlation. The major part of the
monnariines in brain occur in an inactive store, and the level of
this store may vary independently of the level of free and active
monoamines in the extracellular space near the receptor sites of
the effector neurons., The situation is further complicated by the
fact that the monoamine stores may consist of at least two different
fractions, as deronstrated first by Hillarp (1960) on adrenal
medullary granules. In addition, as Dr. Falck will show, part of
the stored transmitter may be located at an appreciable distance
from the effector cells.

I should like to discuss first the functional significance of
the monoanmine stores: how rmuch can they be reduced without impair-

nent of function?

Comparison between Reserpine and a-liethyl Metatyrosine ]a-HMT).

As is well known, there .rc two types of drugs which cause
particularly marked depletion of tissue nonoamines, namely, the
Rauwolfia al%aloids and benzoquinolizines on one hand, and the DOPA
analogues a-methyl DOPA and a-methyl metatyrosine (a-MMT) on the
other, Vhile the former group acts on the catecholanincs as well
as 5 43T, the latter acts fairly sclectively on noradrenaline (Hess
et al., 1961, Porter ¢t al., 1961). A common feuture of reserpine and
these DOPA analogues is that both causc a marked depletion of nor-
adrenaline in central as wecll as peripheral noradrenergic neurons.
From the technical point of vicew the peripheral noradrenergic neurons
have the great advantage that their function can be easily studied.
As is well known, the peripheral neradrenergic neurons cease to
function undcr the influence of reserpine, when given in doses which
cause deplcetion of the adrenergic transmitter. We know of no data
in the literature dealing with the function of the adrenergic nerves
after scvere depletion of the transmitter by a-methyl DOPA or o-MIT.
Stone et nl,, (1962), have donce sorie studies along this line in
dogs, but with the doses usced the noradrenalince levels in tissues
dropped only by about 50 per cent, Experiments with o-lIiT in doses
causing severe depletion have therefore been carried out in our
laboratory (Andén and Magnusson, unpublished gxperiments). It was
found that in order to obtain alrost complete depletion of noradrena-
line o-IfMMT had to be given in larpge repeated doses (hOO ng/keg daily
for 2 or 3 days). In fact, moxirmnm cffect was obtained if, in
addition, a small dosc of neiaraminol was given intravenously about
4 hours before the cxperiunent (0,2 ng/kg). (The eaction of «-MIT is
laroely medinted through netaraninel, Carlsson and Lindgvist, 1962
a nand b.) Under such conditions some 97 per cent depletion of nor-
adrenaline was obteained in brain, heart, and splecen of rats and cats
and in the iris nnd nictitating: nieribrane of cats, using the extremely
sengitive method of flEggendal, (1963 a)., In no instance has it been
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possible to block the noradrencrgic transmission mechanisn,
irrespective of whether o-MIT has been given in single or repecated
doses or whether it has been given alone or in combination with
netaraminol. The function of the noradrencrgic nerves has been
studied in several ways, rostly aftcr unilateral cerviecsl synpath-
cctomy. Lack of ptosis, miosis, and relaxation of the nictitating
membrang on the intact side, while at the same tiae these symptoms
have been present on the sidc of cervical sympathectomy has been
taken as indication of persistent sympathotic activity. Protrusion
of the eyeball, dilatation of the pupils, and contraction of the
nictitating membrane follouwing <lectrical stimulation of the corvical
sympathetic hns been taken as evidence of an intact noradrenergic
transmission mechanism. Furthermore, the rise in blood pressure
following electrical stimulation of the splanchnic nerves, carotid
occlusion, injection of tyramine or carbachol after atropine in
adrenalectonized or demecdullated animals has been used to investigate
the noradrenergic transnission mechanism. The experiments have been
performed in cats as well as rats. The experiments showed con-
clusively that «-MMT was unablc to inpair the noradrenergic trans-
mission mechanism, even in doses which caused the virtually conplete
depletion of the stores of noradrencrgic transmitter. There thus
appears to be a fundamental diffcerence in the node of action of
reserpine and o-MMT. As to the mode of action of a-MUIT, the follow-
ing 3 alternatives may be considered.

1) For the functions nentioned the symnpathetic system nay not
be entirely dcepoendent on the noradrenergic transmitter but wmay work
partly through other transmitters as well, This alternative might
be seriously considered if «-MiT had caused some reduction of
sympathetic nctivity. IHowever, the sympathetic system scemed to
fuirction quite norrmally. This altcrnative therefore seems unlikely.

2) The decarboxylition products of «-MIiT, i.e. a-methyl neta-
tyramine and «-npethyl B-hydroxy netatyramine or nmetaraminol may be
stored in the nerve endings and take over the functions of the
adrencergic transmitter.

At the First International Pharmacological Meeting in Stockholn,
August 1961, we reported that the prolonged depletion of noradrena-
line caused by a-n.thyl DOPA and a-HMT was nediatdd by their respec-~
tive dccarboxyliation products (Carlsson, 1962; cf. Carlsson and
Lindovist, 1962 a and b, see¢ Fig. 1). This was not generally
accepted at first, but now there seers to be general agroement that
this is so. It has been admitted also by Costa et al., as is ovident
e.g. from the printed, considerably revised version of their pre-
sentation at the same Meceting (1962 a). However, one point remains
to be discusscd, nanely, the mechanisms by which these amines cause
depletion of noradrenaline. In our first report we presented
evidence to support the view that displacement had taken; place::
the amounts of a-rethylated anines (at late intervals as 24 hours or
more the B-hydroxy derivatives dominated) found were of the same
order 1s the missing noradrenaline. This has been disputed by
Costa ¢t al., (1962 a), as well as by Udenfriend and Zaltsman-Niren-
berg, (1962). According to thesc investigators, the amounts of
decarboxylation products formed from a=MMT are suiall and disappear
rapidly, usually within 24 hours, while the depletion of noradgenaline
persists for several days. YWe have repeated several of the expvri-
aents reported by thesce investigntors (sec also Gessa et al., 1962
« and b, Brodi» c¢t al., 1962 b, Costa ¢t al., 1962 b), and in all



*sj3onpouay :oaudqhxonhroon IFoYL pue suisoxfjega TAyjep-» ‘vdodq TAty3zep-» n..aloamm.

_(ININVDOQ TAHLIN-»)
ININVHAL-VLIN TAHLIW-»

(3NITYNIHAVHON TAHL3W-») (VdOQ TAHLIW-»)
TONINVYVL 3N 3NISOHAL-VLIW TAHLIW-#
*HO HO *HO *HD
ZHN-HOH) ZHN-HO2H 2HN-D2HD
HOO0J
ey e
HO SV UAXOHOAH- HO 35V AX08YYI30 HO

(HO) (HO) (HO)




instances we find ruch larger anounts of decarboxylation products
than they have found. For examplc, in the brains of rabbits

given «-MIT in a cdose of 100 mg/kg intraveonously, metaraminol was
found in amounts corresponding roughly to the nissing noradrenaline
as late as 7 days after the injection (Fig. 2). According to our
results Aisplacement plays aon iriportant role in the depletion of
noradrenaline by a-MifT (and a-methyl DOPA). Other factors, e.g.
inhibition of synthesis, scem to contribute, however. This will be

discussed later.

Thc possibility that a-nicthyl moetatyranine and metarariinol act
as substitutes for th¢ nocadrenergic transmittor, must therefore be
considered. Certain facts argue against this mechanism as being
the only or even the chief factor, however, Mctarminol is a much
weaker synpathonimetic agent than noradrenaline, This might be
conmpensated by increased release, but this probably does not occur, :
since metaraminol actually appears to remain in the stores ruch ’
longer than noradrenaline, Furtherrore, it has been found that-
D-adronaline is an efficiont displacer of noradrenaline (Andén,
unpublished experinents). Even after the almost complete depletion
of noradrenaline by D-adrenaline the noradrenvrgic nerves appear to
function normally, as judged by the criteria just mentioned (Andén !
and Magnusson, unpublished experiments). The physiological activity
of D-adrenaline is rmuch lower than that of L-noradrenaline. It -
nmight be argued that this is compensnted by a more rapid liberation,
but this is unlikely as the disappearance of L- and D-adrenaline o

occur at about cegual rates.

3) A third cxplanation as to why noradrecnergic transmission
appears to be intact even after the virtually coniplote depletion
of the transmitter by «-MMT (and a-methyl DOPA and D-adrenaline)
is that the major part of the store of noradrenergic transmitter is
not essential for the transmitter function. If this is the correct
alternative, it remains to explain vhy reserpine blocks the nor-

adrenergic transnission.

It has long been known that the sedative action of reserpine
is not strictly correlated with the monovanine levels in brain.
This is particularly true of the recovery stnge, where functional
recovery is reached while the rnonoanines arc still vory low. In
fact, it has proved possible to keep the 1wnoarnince levels in rabbit
brain very low by snall daily doses of resorpine (0.2 ng/kg sub-
cutancously) with but slisht functional inpairnent (H&ggendal and
Lindgvist, 1962). These aninials are soriewhat sedated for some 6
hours after each injection, but after 24 hours some very s;ight
miosis and photophobia are the only conspicuous signs of reserpine
effect, in snitc of the fact that the rionoamine levels in brain
even ~t this interval arc very low (nbout 10 per cent of norrial).
It is, however, of intercst to note that in these chronically
trecated animals the monoaninc levels are significantly lower at the
tirme of secdation (after 4 hours) than after 24 hours. After a
singlc dose rather the roverse is true. This phenomenoun deserves
further investignation with chenical analyses and histocherical

cexanination in parallell,

Although a direct action of rescrpine on nlatelet 5 NIT was
demonstrated riany years ago by Brodie and his coworkers - I had
the privilege to be one of them (Carlsson et al., 1957), - it has
only rccently become possible to dvmonstrate n direct action of the
drug on specific storage granules. This has been unfortunate because
the suspicion that such an effect ducs not coxist, has caused confu-
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sion. As a result of independent work of Xirshner (1962 5
and coworkers (Carlsson, Hillarp and Waldeck, 1962.(agd 3;p3§iif;i;arp
expe;iments) we now know that if adrenal rnedullary storageo granules
are 1§cubnted togcther with labelled noradrenaline (adrenaline.
dopanine, or 5 HT) in low concentration togethor with sonme ATP and

Mg ions, the granules incorporate the amino at a fairly high rate,

The ATP does not scen to be incorporated in stoichionetric arlounts,

so it appcars that the incorporation occurs primarily in tho labile
ATP-free fraction discovered by Hillarp (1960). This incorporation

is blocked by reserpine, when added in low concentration to the
suspension mediun. "

If adrcenal nedullary granules are examined in this way at diffe-

rent intervals following injection of a single dose of reserpine

(5 mg/kg intravenously) to rabbits, incorporation of labelled amine
is blocked 12 to 24 hours after the injection. After about 48 hours’
the incorporation is rceostered to nornal in spite of the fact that ~
the adrenal =medulla is still completely depleted of catecholarines
(unpublished experiments, Fig. 3). In other words, restoraticn’of.
the storage function precedes that of amine levels. ' It appears, tha
storage function rather than amine levels is correlated with’ sedation:
and other pharmacological effects of rescerpine. This sugéésps;fhﬁ%@%‘
amine rust be taken up by the granules before it can be released "~
by nerve activity. *

When all the data arc considered together, the following hypo- . -
thetical picture enmerges (Fig. 4). Normnally the precursor amino
acid enters the cell and is decarboxylated. Alternatively the
amine enters the cell from the extracellular space. The anine then
enters the storage granule, where it is incorporated into the labile’
fraction. The presence of ATP and Mg ions is required for this in-
corporation., Part of the labile fraction nay then be incorporated
or converted into the stable fraction or, alternatively, released
into the extracellular space by an influence of the action potential
on the storage Branule. There nay also be some back-leakage to the
cytoplasmic sap and rnonnanine oxidase (MAO). Reserpine blocks the
incorporation into thc labilc fraction. Synthesis is going on but
the amine forrmec is doestroyed in the cell by the MAO of the nito-
chondria. Deplcetion of the labile frnction is delayed by replenish-
ment fro: the stable fraction. Conscquently, nerve transmission is
still possible for souie time. However, finally the labile fraction
disappears and ncrve transmission ccases. During recovery nowly forn-
ed amince is incorporated into the labile fraction, which is inmedia-
tely utilized, i.c. released by ncrve =ctivity. In other words,
transmission is restored before the aninces accurulate.

The decarboxylation products of a-nethyl DOPA and a-MMT, as well
as D-adrenaline conceivably enter the labile fraction first, and
later the stable fraction. However, noradrennlino continues to be
synthesized, and its incorporation into the labilc fraction is not
blocked. Transmnission is therefore uninpaired.

In any case 1t is cevident that the use of drugs as toals for
clarifying the functions of the nionoanines nay easily lead to
erronenus conclusions. For exarple, it cannot be expected that a
drug like o=MHT which causes depletion of nonoanine stores without
interfering with the transmnission riechanisn, should affect behavior
in the sane nanner as resorpince, which is capable of blocking trans-
rilssion.

In brain the situntion is renderced cven nmore difficult through
the fact that, for exanplc, noradrenalince-containing neurons occur
in a varigty of functiunally imwre or less independent systems, which
sbow marked differences in sensitivity to drugs such as resoerpine.
This has becn rcvenled by histochenical work (Falck, This Synposiun).
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Attenpts to correlate ronoanmine levels in e.g. the whole hypo-
thalarus, not tu mention the whole brain, with functional
variables may therefore prove hazardous.

Another corrion mistake is to identify the noradrenvrgically
innervated centers of the brain with synpathotic conters. This is
entirely unjustified as shown by histochemnical data. Data on the
inpulse flow in peripheral sympathctic nerves therefore do not
pernit any conclusions concerning central noradrenecirgic mechanisns.

Monoanine precursors.

Even if therce are no absolutely reliable tools four investigating
the physiological role of brain monoanines, some tools appear to be
less hazardous than others. Arnong the relatively safe tools I
should li%e to mention first the precursors 3,4-dihydroxyphoenyl-
alanine (DOPA), 3,4-dihydroxyphenylserine (DOPS), and 5-hydro-
tryptophan (5 IITP). In contrast to the monoamines, their precursors
arc able to penetrate into brain where they undergo decarboxylation
tc the respective amines i.e. dopamine (from DOPA), noradrenaline
(from DOPS), and 5 HT (fron 5 HTP). Injections of these precursors
are acconpanicd by characteristic central and peripheral effects,
which arc strongly potentiated by ricncamine oxidase inhibitors and
beyond any doubt mediated by the respective rionoanines. Certain
objections have been raised against the use of the precursors (Gessa
et al., 1962 b). Their decarboxylation appears to be brought about
by onc and the same enzyne. This would nean, for exanple, that
after injection of 5 HTP, 5 HT would accurmulate not only at sero-
tonergic but also at noradrenergic, dopaminergic, and perhaps
adrenvrgic synapscvs. 5 HT would then be able to activate hypo-
thetical postsynaptic receptors beyond the reach of the 5 HT formed
normally. This possibility cannot be excluded at the present tine.
However, the syndrcones produced by 5 HTP and DOPA are markedly
different, indicating that different receptors are activated by their
respective decarboxylation products. There is no reason to doubt
that cach anine when formed from the adninistered precursor,
activates its own physinlogical receptors., It is also reasonable to
assuric that this activation forms an inportant feature of the
characteristic syndrome of cach amince, just as injection of nor-
adrenaline produccs a syndrome sinilar to that caused by stirulation
nf the noradrencrgic systen pcripherally.

5 HTP causes trumors, convulsions, and hypecrextension of the
limbs, surgesting that 5 YT neurons participate in the contrecl of
notor functions. It is unablce to antagonize the akinesia caused
by rescrpinec. DOPA stirnulates spontancous motility and may in suit-
able dosage rostors reserpinized aninals alrost to normal (Carlsson
et al., 1957, Carlsson, 1959). Also norc conplicated functions such

ns the conditioned avoidance responsc arce partially restored (un-
published experiments of this laboratory, Seiden). DOPS, which

is probably not a physiological precursor of noradrenaline, is do-
carboxylated very slowly by the decarboxylase. It therefore gives
rise to little accurulation of noradrenaline when given alone.
After inhibition of thce monoaine oxidase it causes accumulation of
noradrenaline in both brain and heart. Now both central and
peripheral cffects are observed, provided that sufficiently large
dAnses are given: for clearcut cuntral actions in nice 1000 nmg/kg
5>f the DL-forn is nocded., The peripheral ceffects arce seen also
after snaller dosces and courrespond to those scen after injection of
noradrenaline. They are blocked by phentolamine (in so far as the
«-uffucts are concerned). The cuntral offects are excltatory,
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Th?y persist after phentolanine pretreatment. Reserpine-treated
animals are awakened and start to nmove arcund alnost like nornal
animals. Thus the actions of D0PA and DOPS are sinilar.

Incidentally, the experiments with DOPS seen to settle the B
Froblen whether monvanine oxidasec nay influoence noradrenaline meta~.
bolism directly or only via its precursor dopamine. As noradrenalino
is formed directly from DOPS, the narked potentiation by a monoanmine
oxidase inhibitor, indicates that the forner alternative is true.
This appears to be the case even in peripheral tissues. An influénce
of catechol-O-methyl transferase on the noradrenaline formed from
DOPS is alsc appurent both in brain and heart, as indicated by in-
creased accurmlation of noradrenaline following trecatment with an
intibitor of the enzyme (Fig. 5). This will be further discussed
sater.

The data on nonocanine precursors available thus far suggest thad
dopanine, noradrcnaline, and 5 HT are largely excitatory transmitters
in the brain. This does not exclude the possibility that also in-
hibitory actions will be disclosed in the further analysis. The
fact that the nonocaminces counteract rather than minic the action of
reserpine, supports the view that this alkaloid acts by blocking
transnission nechanisms of central neurons (just as they do with
peripheral neurons) rather than causing an excess of free and active
transnitter, as suggcsted by Dr. Brodie. :

Enzyne inhibitors.

Sclectively ncting cnzyne inhibitors should belong to the
relatively safe tools for studying roncamine functions in brain.
Of course¢ the nonoaminc oxidase inhibitors have already proved
useful. Anong thesc agents nialanide and MO 911 appear to be rnost
selective. They secnt to give conparable results. In our laboratory
we arc noustly using aialanide, which boecame available first. When
these drugs are¢ given to nice in doses sufficient to cause the
virtually cornplete inhibition of rmonoanine oxidase, the ronoarniines
accwrmulate rapidly in the brain. The drugs cause central stirmulation,
2s is well known, but again therce is no strict tenporal correlation
with total monoamine levels. Hxecitation does not secenn to set in un-
til the¢ nonvamines have already reached high values. This lag nay
indicate that excess liberation of moncanines to postsynaptic recep-
tors does not sct in until the stores have been nmaxinmally filled.
In support of this the accurmulation of normetancphrine has been found
to show a sinilar lag (Carlsson ¢t al.,, 1960). In any event there
is good reason fur the assumption that the syndrone caused by a
rmonoanine oxidase inhibitor such as nialanide is mediated by riono-
amines, since if the accurmulation of noncariines is prevented by the
adnmninistration of agents which inhibit their synthoesis (see below),
the syndrornc doos not apnear.,

Nialamide is able tou counteract the sedative offect of reseorpine,
provided the dosc of the latter is not too largd. This has been
obscrved in our laboratory in rabbits (Bertler, 1961) and nice
(Carlsson, unpublished e¢xperinents) and has beon confirmed with
MO 911 in rabbits by Brudic and Costa, (1962). Both groups of
worlers agree that the offect shows a better correlation with rise
in noradrenaline and/or dopamine than 5 HT. lowever, 5 HT nay
very well contribute to the overall effect., In any cvent the data
de not support the view of Brodie and cowsrkers that the action of
rescvrpine is due to excess frec 5 T, since in animals treated with
reserpine tollowed by a nonvamince oxidase inhibitor 5 HT rises ruch
rore than the catecholamines. If Dr. Brodic’s hypothosis were
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correct this should result in aggravation rather than counteraction
of the reserpine syndrone. '

Thus the results with 1) peripheral adrenergic nerves, 2) pro-
cursors of the rinoarines, and 3 monoariine oxidase inhibitors
all point in one and the sane direction, nawmely, that the resorpine
syncrone is largely causcd by bluckade of the transmission riechanism
of ronsamincrgic neurons of different kinds. One further pieco of.
evidence nay be added. As is well known, reserpine causcs the -,;
synarome of parkinsonism., This may be related to tho loss of dopa= =
mine, (pussibly also 5 IT) fromn the haanl ganglia (Carlsson et al.,
1958, Bertler and Rosengren, 1959). In pationts suffering fron
"spantancous" parkinsonism severe reduction of dopamine and 5 HT
has becn observed in the basal ganglia (Ehringer and Hornykiewicz,
1960, uapublished data of this laboratory). Treatnent of patients
suftering from parkinsonism with DOPA results in alleviation of
sorie of the symptons, particularly the akinesia (Birkmayer and
Hornykiewicz, 1961, 1962, Barbeau ¢t al., 1962, unpublished
observations of the present research group).

Opinions differ <reatly as to the physiological imnportance of
catechol-0O-riethyl transferasc (COMT). While this enzyrie secns
to be nainly responsible for the breakdown of circulating cateshol-
amines (Axelrod ¢t al., 1958), which appears to be largely due to
the high COMT activity of the liver (Axelrod, 1959, Crout et al.,
1961, De Schacpdryver and “irshner, 1961, Carlsson and Waldeck,
1963), it has proved difficult to evalvate its role in other tissues.-
In fact, Brodiec and Costa, (1962) find it unlikely that COMT is ‘
even essential for the degradation of circulating catecholanines,
owing t» the existencec of altcrnative pathways.,

The study of the role of COMT has been greatly hanpered by the
lack of sclective inhibitors of the enzyme, Of the inhibitors
available, pyrogallol has been used rnost extensively. However,
data obtained with this agent arc often difficult to evaluate,
sincuv pyrogallol is toxic and exerts many actions which arc¢ un-
rclated to COMT inhibition., In G8teborg a series of more seclective
COMT inhibitors has been synthesized by Dr. H. Corrodi (Carlsson ot
al., 1%62¢, 1963 a). The coumpounds are derivatives of 3,4-dihydroxy-
phenylacetanide (Fig. 6). In non-toxic doses these cumpounds cause
marked inhibition of CONMT in _vivo (Fig. 7). Several nembers of the
series have a disturbing but interesting "side effect": they inhibit
the synthesis of catecholanines and 5 HT in brain. Attenpts are
beinrs made to separiite the two oeffects.

Nornmetanephrine and 3-ncthoxytyranine occur in brain norrnally
and disappear rapidly following COIT inhibition by one of the
new compounds (Fig. 8) (Higgendal, 1963 b). The accunulation of
dopamince and noracdrenaline following adninistration of DOPA (Fig.
7) and DOP5 (Fig. 5), respectively, is increased by COMT inhibition,
resulting in potentintion of pharitacoloegical actions of these pre-
cursors. It therefore sccems likely that CONT is of physiological
inportance also in brain. In particular, the possibility should
be considered that in brain as in the rest of the body COMT is
largely responsible for the degradation of extracellular catechol-
amines, while MAO is responsible for dcgradation of catecholamines
intracellularly near the site of synthesis and storage. Data in
support of this hypothesis were put forward a number of years ago
(carlsson et al., 1960, Carlsson, 1960)., Later cxperinents with
»0PA (Carlsson and Hillarp, 1962), and now DOPS lend further support
ts this hypothesis. In this connection it is intercsting to note
that while resernine causes an increase in the concentration in
brain »f acid rwetabolites forried via the MAO pathway (Roos and
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Terdinius, 1962, Ashecroft and Sharman, 1962), it has been found to
cause a decrease in the concentration of 3-O-nethylated metabolites
of cat?cholanines (rtiggendal, 1963 b). This seens to indicate that
reserpine causes a decrease in the liberation of catecholanines
into the extracellular space, and thus to receptor sites, and at
the samc tine a net inerease in tho release from the granules to
the cytoplasnic sap, from where they can penetrate into thc mito-
chondria and form a substrate for the MNMAO,

Needless to say, it would be of great theoretical and perhaps
alsc proctical intorest to have officiont inhibitors of gmzymes ‘
responsible for the synthesis of rmoncamines in brain. A number of
ycars a~o it was gencrially thought that tho fall in monocamine
levels caused by g-nothyl DOPA and «-MMT was brought about by in--
hibition of DOPA -lecarboxylase., Later it was found, however, that
this effect could be at least partly accounted for by the reloase.
or disnlacerent nechanism discussed ecarlier., Today the view socns.
to be favored that inhibition of synthesis is of no great importance
for the action of these DOPA analcgs. One argument supporting this
view is that we know of a series of DOPA decarboxylase inhibitors -
(the "NSD compounds", Fig. 9) which are unable to produce a fall in
rmonoarine levels, although they are riore potent inhibitors of thoe”
enzyme (Drain ct al., 1962, Brodie et al., 1962 a). Although the
decarboxylation of exogenous precursor is largely blocked by those
compounds, it appears that nornal synthesis is uninpaired, suggesting
that the enzyme is present in large cxcess of the normnal needs.

We have reinvestigated the problem using a biochenical in-vivo
nethod, i.e., as an indicator of decnrboxylase activity we have
used the accunulation of 5 HT follcwing 5 UTP adrministration (SOrmg/
kg i.p.) te nice pretreated with a MAO inhibitor (nialamide 100 ng/
¥g i.p. 30 minutes before the 5 HTP). The drug to be tested for
decarboxylasc activity was given i.p. 30 rninutes before the MAO
jnhibitor. Both “rain and kidney were cxamined. The results are
expressed as per cent inhibition (Fig. 10). Percentage inhibition
was set tn zero when the accurulation of 5 HT was the same as in
anitials given the IMAO inhibitor and 5 HTP only. It was set to 100
per cent if 5 IIT values vere the sarnte as in untreated normal aninals.

Of the 3 DOPA annalogues tested, a-rnethyl DOPA was clearly nmore
officient than o-MiT and MX 485 (the hydrazine analogue of a-methyl
NOPA, Porter <t al. 1962), particularly in brain. O0f the NSD com-
pounds, N3D 1C15 (m—hydroxybenzylhydrazine) was clearly more efficient
than NSD 1044, i.c. its N-nethyl derivative, and NSD 1024 (m-hydroxy-
benzyloxyanine). No data on HSD 1015 seen tu have been publishod
before. According to the prescnit data this coripound is a
riore potent inhibitor of the dccarboxylase than a~riethyl DOPA.

Unlike oa-ricthyl DOPA, however, it wis unable to produce a decrease
in brain 5 ¥T. It also proved tc be unable to block the fall in
brain 5 HT causcd by a-nethyl DOPA, although it blocked the pro-
l1»nged and pronounced fall in noradrenaline, apparently by blocking
the decarboxylation of a-methyl DOPA. This suggests that the fall
in 5 T is caused by a direct action of a-tiethyl DOPA rather than
by its dccarboxylation procucts. In our laboratory Roos and
Terdinius, (1963), have found that trcatnent of rabbits with o~
-methyl DOPA results in a drop in both 5 HT and 5-hydroxyindoleacetic
acid. Sinilar observations have been made by Sharnan and Smith (1962).
This arpgues against release or displacencent and favors the view that
a-t1ethyl DOPA inhibita thce synthesis of 5 HT. If this inhibition
cannot be nccounted for by decarboxylase inhibition, as the experi-
sments with NSD conpounds suggest, then we scriously have to consider
the poussihility that a-ncethyl DOPA inhibits the first step in the
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synthesis of 5 HT, i.e., the hydroxylation of tryptophan on the:

5 position. In any cvent, the data so far availablo indicate that
at least two mechanisms are at work in the. fall in ronoanine 1evelg
brought about by a~methyl DOPA and a-MMT, narely, &) inhibition of.
synthesis caused by a direct action of the aviine acids, and: b) dis=-
placement caused by their decarboxylation products. Which of these
offects, if any, is responsible for the fall in blood pressure and
sedation caused by a-ricthyl DOPA is not known, although inhibition
of synthesis appears to be the norc likely alternative.

As already rentioned, a number of cdihydroxyphenylacotanide:
derivatives have been found to inhibit not only COMT but alsc the
synthesis of roncarmiines in brain. There is no inhibition of the
decarboxylase, so the site of attack is probably the first step in
the synthesis, i.c. the hydroxylation of trypetphan on the 5 position
and the hydroxylation c¢f tyrosine on the 3 position, respectively. -
The evidence for inhibition of synthesis is lg fall in 5 HT, A
dopanine, and noradrenaline levels in brain, 2) block of the accunmu-|
lation of monoanines in brain caused by inhibdtdion 'of MAO (Carlsson.
et al., 1962 ¢, 1963 a, Fig. 11), and 3) fall in 5-hydroxyindole=: -
acetic acid level in brain (Roos and Werdinius, 1963)., The compounds
have a depressant effect on the central nervous systen, but it is: not
known if this effect is caused by the inhibition of monoamine 5;

synthesis.

Experiments with brain lesions.,

The lucalization of noradrenaline, and probably dopamnine and
5 HT, to neurcns in the brain has pronpted us to investigate the
noradrenaline (Magnusson and Rosengren, 1963) and 5 HT (Carlsson
et al,, 1963 b) levels of the spinal cord of rabbits following
transection at the level of the second thoracic segment. Both nor-
adrenaline and 5 1T were found to disappear almost entirely below the
lesion but were uichanged above the lesion, indicating the existence
of descending noracrenerpgic and serotonergic pathways in the spinal
cord (Fig. 12). Intravensus lnjectlion of L-DOPA (100 mg/kg) was
followed by marked stimulation of spinal reflexes below the lesion,
suggesting a facilitating function of noradrenergic neurons. Like-
wise, injcction of 5 HTP caused stimulation of spiral reflexes,
although the picture appearcd to be qualitatively different from
that caused by DOPA,

Recently Heller et al., (1962), rcported that destruction of
the nedical forcbrain bundle within the lateral hypothalarus of
the rat produced a fall of 36 per cent in brain 5 T levels as
conmpared with norinal controls,

Concluding speculations.

The present data sugrest that the roenoamine-storing granules
have a dual function, narmcly a) to serve as a store of ronoamines,
and b) to facilitate the transfer of nmonoamnines from the site of
synthesis to the site of liberation into the synaptic cleft. The
significance of the first function is dubious, as the organism
apparently can d» well without the store. It nmay possibly be of
impnrtance under gpecial emergency conditions, o.g. if the synthesis
of transtnitter or its transfer froumn the site of synthesis to the
site of liberation into tho synaptic cleft is blocked. This nay
prssibly be the case during the corly stage cf reserpine action.

It will also be interesting to sec, if displaccment of the nor-
adrencrysic transmitter by a less active analogue is acconmpanied

by increased sensitivity to agents which inhibit the synthesis of
transnitter. Prelindnary obscrvations suggest that this may be so,
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In_rats the injection of a-methyl DOPA (400 ng/kg i.p.) causes but
slight sedation and ptosis. A second injection of the same dose
24 hours later causes clearcut sedation and ptosis (andén and
Magnusson, unpublished experiments)., This may be interpreted to
necan that the first injection causes inhibition of synthesis, but
transmitter functicns are unimpaired since they mnmay proceed at the
expense of the stores. At the tinme of the second injection, how-
ever, the noradrenergic transmitter has been roplaced by tho loss
active a-methyl analogue in the store. VWhen synthesis is blocked
bv the second injection, the transmission mechanisn loses rmch of

its cfficicncey.

Tho possibility should be considered that the store of trans-
ritter cannot always be mobilized at sufficient rate to kcep trans-
mission intact, should the synthesis or the uptake by the granules
be blocked e.g. by o drug. It is remarkable that synptons of de-
pression may set in before the monoamine stores are emptied. To a
certain extent this is true of rescrpine, but even more so of the
benzoquinolizines. Actually some of the benzoquinolizines, for
exanple, benzoquinamide, have been stated to depress brain functions
in doses which de not cause any Jecrease at all in brain monoanine
levels (Weissman and Finger, 1962, Pletscher ot al., 1962).

Tn connection with the benzoquinolizines it is interesting to
note that the dihydroxyphenylacctamide derivatives mentioned before
cause depression of the central nervous systenn and inhibition of
monoamine synthesis. The symptoms of depression seen to reach their
maxirmur before the monoamine levels have reached their ninimurn,
which is in analogy with the benzoquinolizines. Of course it is
possible that no causal relationship oxists between the biochemical
and bohavinral effects in the case of these two groups of drugs.
The possibility cannot be excluded, however, that a small number
»f highly active and functionally essential neurons are almost
exclusively devendent on newly synthesized transnitter, possibly
because they arc unable tu mobilize the store at sufficient speed.
It may thus be as difficult to disprove as to prove a causal rela-
tionship between biochenical and behavioral effects of drugs.
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dopariine
noradrenaline
adrenaline

metanephrine

normetanephrine

DOPA

DOPS

a~-MHT
metaraninol

MX 485

DOPAC
5-HT
5-HTP
5-HIAA
MAO

COMT
NSD 1015
NSD 1024

NSh 1034

Terrns and abbreviations.

B(3,4~-dihydroxyphenyl)cthylanine
B(3,4-dihydroxyphenyl)p-hydroxy ethylamine
B(3,4-dihydroxyphenyl)8-hydroxy N-methyl cthyl-

ariine.
B (3-methoxy-4-hydroxyphenyl)B-hydroxy

N-methyl ethylamine

8 (3-nmethoxy-4-hydroxyphenyl )f-hydroxy
ethylanine

B(3,4-dihydroxyphenyl)alanine
8(3,4-dihydroxyphenyl)scrine
o-methyl netatyrosine

a-nethyl B-hyliroxy netatyranmine

w-riethyl a-hydrazino B(3,4-dihydroxyphenyl)

propivunic acid
3,4-dihydroxyphenylacetic acid
5-hydroxytryptanine
5-hydroxytryptophan
5-hydroxyindnlceacetic acid
ronoanine oxidasec
catechol-0-nethyl transfoerase
ri=hydroxybenzyl hydrazine
rn-hydroxybenzyl oxyanrnine

n-hydroxybcnzyl N-rivthyl hydrazine
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