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Numerous anatomical data give for the existence of the functional inter-
actions between monoaminergic brain systems.The knowledge of these inter-
actions opens new possibilities for explanation of such brain functions as
sleepwaking cycle, emotions and goal-directed behaviour. It is possible that
these and other functions are regularly by reciprocal mechanisms including
the antagonistic neuronal systems: serotonergic and catecholaminergic -.
i.e. dopaminergic and noradrenergic. Such organizational model is in general
agreement with the model of 5-HT mediated tropotrophic anatagonism of
a catecholamine - mediated ergotroph;c'system proposed by Brodie and
Shore [8].

The anatomical organization of neurons containing monoamines such as
5-HT, NA and DA have been mapped thanks to histofluorescencemethods
and connection of these methods with stereotaxic lesions of discrete brain.
areas [2,3,4,19,75].The 5-HT-containing neuronal cell-bodies are located
mainly in the raphe area containing three groups of nuclei: anterior, middle
and posterior (see 51). Most ascending 5-HT fibres arise from the anterior
group (nuclei raphe: medianus, dorsalis, intermedius, linearis and centralis
superior of Bechterew). The fibres from these nuclei terminate throughout
wide telencephalic and diencephalic regions such as the cerebral cortex, the
hippocampus, the thalamus and the hypothalamus [19].Middle and posterior
raphe nuclei (such as nuclei; magnus, pontis, obscurus and pal/idus) project
to other structures than the anterior group does. It should be noted that
lesions of the middle and the posterior raphe nuclei do not affectthe concentra-
tion of 5-HT in the forebrain [51]whilst lesions of the anterior group induce
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marked decrease in the forebrain 5-HT level in cats and rats [35, 38]. Stimula-
tion of the midbrain raphe induces release of 5-HT in the forebrain in rats
[1, 39].

NA neurons in the brain form two main ascending systems: dorsal and
ventral. Dorsal pathway originates from the dorsolateral part of the nucleus

.locus coreruleus (NLC) and innervates both the paleocortical and the neo-
cortical areas whilst ventral pathway originating from cells located in pons
and medulla (beyond the NLC) projects to the hypothalamus, basal forebrain
region and amygdaloid complex [57]. Maeda and Shimizu [49] described
the "intermediate" NA system originating mainly from the nucleus locus

.subcoeruleus and the anterior portion of the NLC and projecting to the
periventricular hypothalamic area. It should be noted that NA fibres from
the NLC could be traced into the cerebellar and the telecephalic cortical
areas, the lateral geniculate nuclei (as well as medial geniculate
bodies), the thalamus and the rhombencephalon [70]. It is interesting that
ventral NA pathway is resistant to the 6-hydroxydopamine (60H-DA) whereas
dorsal NA pathway could be easily affected by this compound [52]. There is
some evidence showing that the NLC and the raphe are anatomically connected
[48]. Olson and Fuxe [57] have described a fibre projection from the medial
portions of the NLC to the raphe. This system is partly crossed and bilateral
lesions of the NLC lead to the disappearance of NA terminals within the raphe
area.

The neuronal cell bodies containing DA are located mainly within the
-substantia nigra (SN, pars compacta) and in an area dorsal to the nucleus
interpenduncularis. The fibers projeting from the SN innervate mainly the
neostriatum (nucl. caudatus ans putamen) and form so-called nigro-striatal
system [2, 3, 4]. This neuronal system plays an important role in the function
of the striatal structures and is involved in the control of the motor activity
and in the other functions related to the inhibition mediated by the basel
forebrain structures [29]. Some DA cell bodies send their axons towards the
caudal portion of the raphe and numerous 5-HT terminals have been found
within the SN [58]. Thus the anatomical data give support for the existence
of the functional interactions between 5-HT, NA and DA systems in the
brain. Such interactions were demonstrated on the basis of neurophysiological
and neuropharmacological experiments.

5-HT and DA act reciprocally within the striatum. This area contains both
5-HT and DA terminals originating in the raphe and the SN respectively.
There exists a possibility of the conversion of L-DOPA, the precursor of DA,
to DA in the serotonergic nerve terminals containing aromatic aminoacids
decarboxylase [20]. This mechanism leads to the release of 5-RT and to di-
minution of the concentration of this amine in the brain. On the other hand,
it was found that 5-HTP, the precursor of 5-RT, may release DA from DA
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terminals in the striatum. This effect is due to the conversion of 5-HTP to
5-HT since it was blocked by the treatment with MK 485 (D,L,-x-methylpOPA-
-hydrazine), the inhibitor of L-aminoacid-decarboxylase [21, 55,56]. Summing
up, the mutual displacement in the storage sites between these two neuro-
transmitters might be expected.

Pharmacological experiments provide further evidence for the existence
ofDA-5-HT interaction. Apomorphine, the drug known to stimulate (directly
and indirectly) DA receptors [12; 18, 75J increase turnover of 5-HT and in-
creases level of this amine in the brain stem of rats [22]. It was observed by
us that stereotyped behaviour (the phenomenon mediated mainly by do-
paminergic mechanism) after amphetamine is enhanced after lesions of the
.midbrain raphe in rats [25]. Drugs blocking DA receptors such as neuroleptics
.of phenothiazmes and butyrophenones groups have been also reported to
affect the 5-HT brain system [60, 61]. Moreover, it was recently reported by
[41] that intact 5-HT neurons are necessary for the cataleptogenic activity
of neuroleptics since lesions of the midbrain raphe in rats markedly reduced
effects of both haloperidol and chloropromazine. Both p-chlorophenylala-
nine (pCPA), the inhibitor of 5-HT biosynthesis, and LSD-25 caused similar
effects. Since catalepsy due toneuroleptics is at least partialyrelated to blockade
of DA striatal receptors [67, 77] one may suppose that lesions of the raphe
.deeply affect the functions of the nigro-striatal system. The general conclusion
should be that destruction of 5-HT system leads to the increased activity of
DA neurons, further experiments, however, are necessary to confirm this
hypothesis and clarify the details of possible interaction.

.Recently we have observed that microinjections of DA to the raphe caused
strong cortical synchronization in cats [45]. It may indicate that DA increases
the, activity of synchronizing mechanisms mediated via the raphe.

·,DA system of the SN and the striatum and serotonergic system: of the raphe
produce opposite behavioural effects. The destruction of the raphe causes the
state of permanent behavioural and EEG arousal and excitation in cats and
rats [36, 66]. Insomnia and agitation as well as cortical EEG arousal have
been reported after coagulation of the anterior raphe nuclei in rats [38].
Moreover the intensity of the motor agitation was significantly correlated with
tht;ldecrease in both 5-HT and 5-HIAA ..leve1s in theforebrain, pCPA is known
.to. produce insomnia in rats, cats, rabbits.vmonkeys and men [13, 14, 53, 71
,80, 81]. The problem of correlation between the decrease of slow-wavesleep
stage (SWS) and the decrease of cerebral 5-HT is still open [11, 65, 80, 81].
Steteotaxic coagulation of DA-gell bodies within the SN leads to akinesia
and even to the permanent comatose state in cats [34] although- generally
normal EEG pattern and EEG arousal were observed, In rats, however; no
consistent data have been reported after coagulation of the.SN [24,7~1. It
appears possible that at least in cats the DA nigro-striatal system is involved
2 - Polish Journal supplement
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in the maintenacnce of behavioural arousal but not substantially affects the
electrical activity of the cortex [36, 37]. The 5-HT system of the raphe is res-
ponsible for the inhibition of alertness and for the cortical synchronization
as well as for the induction od S-WS [36,37]. It is known that stimulation
of the raphe induces inhibition of motor activity and the .sommnolence in
rats [39]. In cats stimulation of the raphe with frequencies of 2/sec. induces
cortical synchronization [40]. However in rabbits, stimulation of the bulbar
and the pontine raphe produces symptoms of arousal [62]. It may indicate
that physiological role of the raphe is more complex.

There is also evidence for the existence of interaction between NA and 5-HT
systems in the brain. The most conclusive are results of biochemical experi-
ments. The depletion of brain NA as a result of the inhibition of the DA
hydroxylase was accompanied by an increase in the rate of 5-HT synthesis
[32, 33]. The destruction of the catecholaminergic neurons by 6-0H-DA
injected intracisternally in rats produces a substantial increase of 5-HT
synthesis rate as well an increase of the concentration' of 5-HIAA in the
forebrain [7]. In cats the synthesis of 5-HT is markedly increased after treat-
ment with «-methyl-tyrosine, the inhibitor of catecholamines biosynthesis [37].
Furthermore, the electrolytic lesions Of the caudal portions of the NA dorsal
pathway or the rostral part of the NLC induced a significant increase of
telencephalic tryptophan and 5-HIAA levels in cat [59]. We have studied [42}
the changes in the concentration of 5-HT, NA and their metabolits: 5-HlAA
and 3-methoxy-4-hydroxy-phenethylenglycol sulphate (MOPEG-S04), res-
pectively, after lesions of raphe and NLC in rats. Bilateral lesions of the NLC
produced a substantial increase in the forebrain 5-HIAA level. On the other
hand, lesion of the raphe (nucl. raphe medianus) caused an increase in the
concentration of MOPEG-S04 in the cortex and hippocampus - i. e. in areas
innervated by the NLC. The maximal effects were found 3-4 days after
lesion. These data indicate that the function of the raphe and the function
of the NLC may reciprocaly inhibit one another.

Lesions of the raphe produce well known insomnia, the motor hyper-
activity and the persistent cortical desynchronization in cats and rats. It may
be postulated that these phenomen are at least partially due to the predominance
and the hyperactivity of NA system (and/or DA system) since it can be blocked
by e-methyl-tyrosine as reported by Jouvet [36] and observed by us (Kostow-
ski, Domanska and Tarchalska, to be published). We have also recently found
that bilateral lesions of the NLC inhibit hyperactivity of the raphe lesioned
rats, the role, however, ofDA system in this hyperactivity remains unexplained.
It is postulated [36] that DA system controls motor hyperactivity, during
waking, and excitation whilst NA system controls the bioelectrical phenomena
(such as desynchronization and some phasic events) accompanying the waking
and the rapid-eye-movement sleep (REM).
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As already mentioned, the interaction between 5-HT and catecholaminergic
systems plays an essential role in the sleep-waking cycle. It is particular interest
that the spontaneous bioelectrical activity of the raphe cells is highest during
SWS as observed by some suthors (see 17). On the other hand, some raphe
units are inhibited during REM and in S-WS preceding waves in the lateral
geniculate nucleus (vide infra, 50). The bioe1etrical activity of some cells within
the NLC is markedly decreased during S-WS [47]. Thus, the activity of both
NLC and raphe seems to be opposite during S-WS and PS.

REM is accompanied by phasic electrical phenomena such as the ponto-
geniculo-occipital waves (PGO). PGO waves similar to those recorded during
sleep have been registered after administration of drugs which affect
brain monoamines. Some drugs decreasing brain 5-HT concentration are
able to induce in cat the occurrence of PGO waves disconnected from the
sleep-waking cycle [13, 36, 37]. RESP * given at the doses of 0·5-1·0 mg/kg
induces the continuous PGO-like waves (called PGO-res). Similar effect is
produced by pCPA [30]. Furthermore, the effect of reserpine and pCPA can
be reversed by 5-HTP ** [15, 16,30]. Lesions of the raphe system, similarly to
reserpine and pCPA increase or induce PGO waves. Thus, 5-HT appears
to inhibit the occurence of PGO [17, 36]. On the other hand lesions of the
dorsolateral pontine tegmentum at the level of NLC supress the cortical and
geniculate PGO [9]. According to Jouvet [36, 37] catecholamine-containing
neurons are responsible for generation and maintenance of PGO due to the
release of some deaminated metabolites of NA which trigger postsynaptic
responses in the vestibular and the oculomotor nuclei leading to rapid eye
movements during REM. Similar events occur in the lateral geniculate nucleus
and the occipital cortex. It is supposed that 5-HT system of the raphe exerts
tonic inhibition upon catecholaminergic mechanisms triggering phasic phe-
nomena during REM [36]. There exist, however, many conflicting data with
such model. i-MT is known to increase the amount of PGO [5]. Both 5-HT
and NA system inhibit "pacemaker" and/or "generator" cells fer PGO-activity,
located in the dorsal pontine reticular formation [26, 31]. It is also possible
that other mechanisms (related for instance to the cholinergic systems) play
a role in both triggering and maintenance of PGO-activity. The discussion
of this problem is, however, beyond the frame of this rewiev.

Recently we have found [43] that microinjections of 5-HT or quipazine
(the 5-HT like compound, see 68) inhibited or decreased the PGO-res. This
effect was accompanied by increased cortical synchronization which lasted,
however, longer than decrease in PGO-res frequency was observed.

According to model proposed by Routtenberg the raphe controls and is
controlled by the LC. On the other hand the neocortex is controlled by the
raphe and controls the raphe. Such model recurs to the original theories of

* RESP = reserpine, ** 5-HTP = 5·hydroxy tryptophan.
2'
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Hernandez-Peon [27,28], Clemente et al [10] and Nauta et al [54]offorebrain-
-brain stern circuits regulating sleep and waking states. Routenberg [69]
postulates that oscillations within 5-HT and catecholamines levels lead to
oscillations in the stages of the sleep. According to this model waking state -

'by inhibition the S-WS-system leads to "boild-up" of 5~HTwithin the raphe
perikarya and terminals. Then 5-HT after reaching a "cortical" level begins
to suppress the neocortical activity. NA system of the NLCis suppressed during
this state due to the negative feedback from the raphe. Then the NLC would
begin. to extent an inhibitory influence on the raphe and thus initiating REM.
Since, the activity of raphe cells would be decreased, a "build-upt" of 5-HT
begins and again reaches a critical level for releasing and maintaining S-WS,
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Fig. I. Oscillations within levels of serotonin and norepinephrine as related to stages of wake-
fulness 0/'I),slow-wavesleep (S-WS) and rapid-eye-movent sleep (S-LVF) (for details see text,
'.' according to Routtenberg [69].

and the sleep cycle begins over again. This interesting model needs further
confirmations. It should be, however mentioned that increased turnover of
NAhave been demonstated by Pujol et al [64] during REM in rats. Themode1
proposed by Routtenberg [Fig. 1) does not describe the role of cholinergic
neurons and DA systems in the sleep-waking cycle. It is known, as already
mentioned, that DA nigrostriatal system is involved in responsiveness and
behavioural arousal. We believe that possible inhibitory influence from the
LC on the raphe and inhibition of DA nigro-striatal system by the raphe are
involved in mechanisms regulating sleep-waking cycle. The complexity of
the sleep-waking cycle may be atleast partly explained by interactions between
these three monoaminergic systems. The model 1wish to propose is summarized
schematically in Fig. 2 and 3. The inhibition of 5-HT system of raphe by NLC
reduces the signs of S-WS and consequently releases nigro-striatal DA system
from inhbitory influence of raphe. Thus, both waking system and REM
system might be active during REM, however, well-organized motor behaviour
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. (characteristic for waking stage) is inhibited by muscular relaxation mediated
probably by caudal portion of the NLC [17, 36]. Such model needs obviously
further studies, particularly interactions between 5-RT and DA systems
should be analysed using biochemical, bioelectrical and behavioural methods.
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Fig .. 2. Model of brain stem mechanisms regulating sleep and wakefulness. Dopaminergic nigro-
striatal system (DA) controls behavioural arousal and responsiveness [36, 37], serotonergic system
of raphe (5-HT) is involved in behavioural inhibition and cortical synchronization and controls
slow wave sleep (S-WS) whilst noradrenergic system of the locus coeruleus and related cells (NE)
controls electrocortical activation during REM sleep and waking [36, 37J. 5-HT system of raphe
exerts an inhibitory influence upon NE system and probably inhibits DA nigro-striatal system
(for details see text). It is also supposed that DA system activates 5-HT system of raphe [45]
but details of this interactions are unknown. White arrows - activation, black arrows - sup-

pression.
Fig. 3. Proposed brain stem mechanisms of SWS and REM-sleep (for explanations see Fig. 2).
During SWS raphe inhibits both DA and NA systems. During REM-sleep serotonergic system
of raphe is inhibited by NA system of NLC and DA system is probably released from inhibitory
control of raphe. Well organized motor activity is however blocked by muscular relaxation mediated

probably by caudal protion of NLC [17, 36, 37].

Actions of 5-RTand catecholaminergic systems may be antagonistic in
respect to operant conditions situations and aggressive behaviour. It is proposed
[73, 78, 79] that noradrenergic reward system facilitates behaviour whilst
5-HT punishment system inhibits it. These systems seem to act reciprocally
in the control of goal-directed behaviour (Fig. 4). Evidence that NA system
controls the reward mechanism has been extensively summarized by Stein
[73] and Wise and Stein [78]. It is known that intraventricular administration
of NA facilitated hypothalamic self-stimulation. The role of NLC in positive
reinforcing mechanism has been recently established [5]. Depletion of 5-RT
by pCPA is known to facilitate self-stimulation [63] whilst ivc injections
of 5-HT and adrenergic receptors blocking drugs cause suppression of self
stimulation [79). Recently, DA receptors have been reported to playa role
in the reward mechanism *.

* See: Clavier R., Routtenberg A.: Brain Res., 1974, 72, 25.
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Catecholamines and 5-HT seem to play an opposite role in the regulation
of aggressive and sexual behaviour. Depletion of brain 5-HT icreases aggres-
siveness and facilitates sexual behaviour in rats [23,46, 71, 76]. It was observed
by Benkert and co-workers [6] that fighting and mounting behaviour was

Per/ventricular suppressor ceils

Llmb/c forebrain
Inhibitory output ia
motor nuclei Q,.,j
behavior

NE(-) (t)SHT

MFB Input sfimu.!i
,.-- punishment

Fig. 4. Diagram showing hypothetical relationship between reward and punishment mechanism
and behaviour. Cholinergic periventricular system (PVS) supresses behaviour. NA decrease activity
of PVS. Reduction of PVS inhibitory influence facilitated behaviour. Signals of punishment increase
behavioural suppression by activation of the 5-HT raphe system. MFB - medial forebrain

bundle [79].
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noted at high catecholamine level and greatly reduced 5-HT content in the
brain. pCPA increases mouse-killing attitude in rats [70, 71, 72], lesions of
the raphe system, however, produce no clear effects [44, 71, 72] in this type
of aggressive behaviour but increase mutual aggressiveness (44]. We have
recently found that catecholamines and 5-HT exert in some conditions opposite
effects on aggressive behaviour in ants genus Formica. The investigations of
aggressive and sexual behaviour in future would elucidate the nature of the
antagonistic role of 5-HT and catecholamines in the brain.
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