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NEUROHUMORAL MECHANISMS OF SLEEP 
AND WAKEFULNESS 

RENÉ RAÚL DRUCKER·COLÍN. 

ABSTRACT 

Today it is well accepted 1har there exist at least two phases of slcep, which can 
be distinguished from each other bolh behaviorally and electrophysiologically. 
However, the problem of identifying the neurotransmilters rcsponsible for sleep 
and wake[ulncss has not yet bcen solved. Prcsen t evidcnce indicates that serotonin 
(5-HT) is involved in thc induction ancl mainlenancc of slow wave sleep, and that 
norepinephrine (NE) is involved mainl y in the maintenance of fast wave sleep. 
In view of the fact that NE also been shown to be involved in wakefulncss, it is 
though t that 5-HT regulates slow wave sleep, and that NE regulates both fast 
wave sleep and wakeful11ess. On the other hand there is evidence that acetylcholine 
and GABA, though the latter to a lesser degree, could have an important role 
in the regulation of one or severa! stagcs of the slcep-wakcfulness cycle. In view 
of the fact that severa! neurotransmitters appear to have important roles in sleep, 
the experimental evidence showing that it is possible to extract ei ther from blood, 
cerebrospinal flud and/ or brain tissue, substances which are capable of inducing 
sleep, is discussed. Possibly these latler techniques will allow characterization of 
the neurotransmitters involved in sleep and wakefulncss. 

RESUMEN 

Hoy en día es bien aceptado que existen por lo menos dos fases de sueño, distin· 
guible la una de la otra, tanto conductualmenle como electrofisiológicamen te. Sin 
embargo, el problema de la identificación de los neurotransmisores responsables 
de sueño y la vigilia aún no ha sido resuelto. Existe evidencia de que la sero· 
tonina (5-HT) es responsable de la fase de sueño de ondas lentas, y que la nor· 
epinefrina (NE) es responsable de la fase de sueño de ondas rápidas. Sin embargo, 
en vista de que la NE también está involucrada en la vigilia, es posible que la 
5-HT regule la fase de ondas lentas y la NE regule la fase de ondas rápidas 
y la vigilia. Por otro lado, existe evidencia de que la acetilcolina y el GABA, 
aunque este último en menor grado, pueden tener un papel importante en la 
regulación de una o varias fases del ciclo vigilia-sueño. En vista de que existen 
varios transmisores que parecen jugar un papel importante en el suefio, se discuten 
los resultados experimentales que han mostrado que es posible extraer de la 
sangre, líquido cefalorraquídeo y / o tejido cerebral, substancias que son capaces 
de inducir sueño. Quizás estas últimas técnicas permitan caracterizar los neuro· 
transmisores involucrados en el sueño y la vigilia. 

THE BASIC ELECTROPHYSIOLOGICAL PATTERNS OF SLEEP 

It is well accepted that mammals and 
primates present at least two basic pat-

terns of sleep. Initially the behavioral 
attitude of sleep is characterized electro-
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encephalographically by the appearance 
of 14 to 18 Hz cortical spindles, which 
are la te r replaced by 2-4 Hz slow waves. 
At the same time high voltage (500-800 
uv) sharp waves are recorded from the 
hippocampus, while the EMG decreases 
slightly. Usually aft.er 30 to 40 minu tes 
the cortical EEG is r·eplaced b y low vol
tage fast activity, a regu lar hi ppocampal 
theta rhythm (5-6 H z), an isoelectric 
EMG, wh ile bursts of rapicl eye move
ments (REM) appear intermittently. 
Approx imately half a minute prior to 
these lat ter events high voltage EEG 
spikes appear in the pontine reticular 
formation, the lateral gen iculate body 
and in the occipital cortex. These PGO 
spikes have a fa irly consta nt da ily rate 
o[ about 14,000 in the cat (Jouve t, 
1969), b ut have not been identified in 
human E.EG's. For most of these events 
see Fig. J. 

Sleep events have been classed as 
phasic aml tonic. Phasic even ts are repre
sen ted by such activity as middle ear 
muscle contractions, cardiovascular ir
regulari ties respiratory changes mus
cular twitching, changes in pupil dia
meter, flu ctuations in peni le erections 
and PGO spikes, whereas tonic even ts 
are represented by EEG desynchroniza-

tion, EMG suppression, temperature 
cleva tion, increased cerebral blood flow 
and so on. 

Human EEG sleep stages a re more 
d ifferentiated ancl consists of 4 ' REM 
sleep stages: Stage I, loss of alpha, Stage 
JI, spinclles and K complexes on a low 
voltage background act ivity, Stage lJJ, 
high amplitude delta act ivity, Sta~e ]V 
with over 50% of delta act ivity ancl onc 
REM sleep stage which is characterized 
by low vol tage the ta activity, with no 
spind les or K complexes. There is an 
increase in the mean values a ncl varia
bi li ty o( the heart ra te, respiratory rate 
and blood pressure, there are REM 
bursts, muscular twitching, are flex ia ot 
deep tendon reflexes, ancl loss of muscle 
tone. 

In an imals these stages of sleep have 
been var iab ly called sy nchroni zed, 
NREM, fo rebrain or slow wave sleep, 
when referring to the initial stage, and 
REM, paradox ica l, hindbra in, act ivat·ed, 
desynchronized or fast wave sleep, when 
referring to the second stage. ln both 
humans a nd animals the JREM period 
of sleep makes up abo ut 70-80% of total 
sleep, whereas REM sleep makes u p the 

remaining 20-30% . 

JEUROHUMORS l r SLEEP ANO vVAKEFUL ·EsS 

Despite the great number of studies 
which have attempted to find the neu
rohumors responsible for the production 
and / or ma intena nce of sleep, knowledge 
abou t such substances remains today as 
e lusive as when the search for them first 
bega n. Even a cursory review of the 
l itera ture tends to indicate that there 
not only exists a wide variety of candi
clate neurotransm itters proclaimed to be 
hypnogenic but that most o( the evi-
dence is indirect. · 

Since the bi ogeni c amines have been 
the principal focus o( attention for the 
past severa! years in relat ion to a variety 

of behaviors, it is not surprising that 
they would a lso be thought of as being 
in volved in sleep ancl wakefulness. 

A body of rapidly accumulat ing evi
clence (J ouvet, 1969) has ind ica ted tha t 
serotonin (5-HT) is possibly involved 
in the incluction and maintenance of 
sleep ancl in panicular slow wave sle,ep 
(S\t\TS). Thus, in ca ts, clestruction of the 
ra phé nuclei, known to be made up 
mostly of 5-HT neurons (Dahlstrom and 
Fuxe, ] 964) leads to a three-way correla
tion between ext,ent of lesion, amount 
of sleep and serotonin in the forebrain. 
Injections in cats (Koella et al, 1968; 
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Delorme et al, 1966) rats (Mouret et al, 
1967; Torda, 1967), rabbits (Florio et 
al, 1968) and monkeys (Weitzman et al, 
1968) of para -chlorophenylalanine 
(PCPA) which depletes brain 5-HT by 
inhibiting tryptophan hydroxylation 
produces a prolonged period of beha
vioral and EEG state of wakefulness. In 
man, however, PCPA seems to reduce 
only REM sleep (Wyatt et al, 1969) . 
The reduction of sleep by PCPA can be 
reversed by low dose injections of the 
serotonin precursor, 5-hydroxytrytophan 
(5-HTP), which circumvents inhibition 
of trytophan hydroxylation (Koella et 
al, 1968; Jouvet, 1969). 

In addition to this, when 5-HTP is 
injected intravenously, for the following 
5 to 6 hours, a state resembling SWS 
ensues (J ouvet, 1967) . Rats on trytophan 
free or tryptophan-rich diets have sig
nificant changes in their SWS / FWS 
(REM) cycles, the former showing lon

ger and the latter shorter cycles (Hart
mann, 1967) . Finally a single dose of 
reserpine suppresses SWS and REM for 
JO to 12 hours, while 5-HTP adminis
tration following reserpine, restores SWS 
(J ouvet, J 967) . On the basis of this evi

dence, it would seem that serotonin is 
essential for the appearance of SWS. 
However, there is sorne data that casts 
sorne doubt as to whether serotonin is 
a sleep transmitte r. For example Dement 
et al ( 1969) ha ve show n that even 
though serotonin content is kept at very 
low levels in the brain by repeated ad
ministra tion of PCPA, cats recover their 
normal sleep cycles after 7 to 8 days, and 
it has also been shown that repeated 
doses of PCPA to rats is incapable of 
blocking SWS during REM sleep depri
vation (Drucker-Colín et al, 1971) . Ano
ther difficulty in considering serotonin 
a hypnogenic neurotransmitter, is the 
fact that when lesioning the raphé sys· 
tem, the increase in waking time may 
be due to the interruption of ascending 
fibers originating in a "synchronizing" 

caudal brain stem system (Cordeau and 
Mancia, J 959; Mancia et al, 1968) . or to 
destruction of raphé nuclei containing 
sorne unknown indolamine (Bjorklund 
et al, J 97 l ) . 

Further c om p 1 i ca ti n g factors arise 
from Polc and Monnier's (1970) obser
vations that both low ancl high frequen
cy stimulat ion of the raphé magnus pro
duced an EEG arousal effect in rabbits, 
thus suggesting that at least in this ani
mal there exists an activating ponto-bul
bar raphé system, an observation diffi
cult to reconcile with the idea of a sero
toninergic sleep inducing raphé system 
(Jouvet, 1969), unless we invoke species 

differences. 
However, despite conflicting evidence, 

the bulk of observations tend to support 
the idea that serotonin is involved in 
sleep, mainly SWS, particularly if we 
take into consideration that local appli
cation of serotonin to the raphé shortens 
latencies of SWS and FWS (Drucker
Colín et al, 1972) , and methysergide, a 
serotonin blocking agent, decreases sleep 
(Tabushi and Himwich, 1971) . 

Jouvet and his co-workers (1969) have 
reported that drugs which block nor
epinerphrine synthesis selectively block 
REM. Thus, a-methyl-p-tyrosine which 
blacks tyrosine hydroxylase (Spector et 
al, 1965) , and disulfiram which impairs 
synthesis of nor-epinephrine at the level 
of dopamine ~-hydroxylase (Goldstein 
et al, 1964) , su ppress REM sleep. In 
addition destruction of the catechola
mine contammg neurons (Dahlstrom 
and Fuxe, J 964) in the locus coeruleus 
reduces REM sleep. These observations 
added to the ones showing that ni alam
ide selectively suppressed REM sleep ancl 
that during rebound of REM sleep 
deprivation there exists an increased 
turnover of nor-epinephrine (Pujo] et 
al, 1968) , suggested to Jouvet (1969) 
that REM sleep was nor-epinephrine 
dependen t. 

There are, however, several difficulties 
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in linki ng NE exclusively with R EM 
sleep. First of all, intracerebral adminis
tration of NE or E either in solution 
or in the form of microcrystals induces 
a state of arousal with electrocortical 
desynch ronization (Cordeau e t a l, 1963; 
H ernán dez -Peó n , 1963; R o thballer, 
1957; Yamaguchi e t al, 1964; T orda 
1968) . Intraventricular administra tion 
of catecholamines, though having been 
reported in the earlier litera ture as 
producing a sleep-like sta te (Feldberg 
and Sherwood 1964; Leimdorfer and 
Metzner 1949), could not be confirmed 
in sorne recen t experimen ts, and in fact 
was shown to produce opposite effects, 
mainly a prolonged period of arousal 
(Cordeau et a l, 197 1; Segal and Man
dell, 1970) . T hese observa tion agree well 
with those showing that in travenous ad
minislra tion of NE will desynchronize 
the "encephale isolé" synchron ized acti
vity (Bonvalle t, et al, 1954, Rothballer , 
1956, 1959) . Although i t has been argued 
that NE does not cross the blood-brain 
barrier the fact is that sorne brain areas 
escape the blood-brain barrier (Koella 
and Su tin, 1967) . T here are observat
ions, however, that such arousal or cor
tical desynchron ization is the result of 
the increased blood pressure concomitant 
to TE admi nistra tion (Baust et al, 
1957), though this has not been fully 
established (Mantegazzini et a l, 1959, 
R ech and Domino, 1959) . 

Additional evidence indicating the 
possible role of NE in wakefulness, comes 
from experiments showing that intrape
r itoneal injections of DOPA is followed 
by a sta te of q uiet wakefulness with 
mydriasis and cortical desynch ronization 
lasting from 3 to 4 hours (J ouvet, 1967), 
and by experiments showing that inhi
bi tion of catechol-o-methyl-transferase 
(COMT) and monoamine oxidase 
(MAO) leads to continous waking, this 
arousal being much more intense when 
DOPA was added to such enzymatic 
inhibition (Jones, 1972). In general the 

bulk of evidence points towards NE as 
having a role in activities related to the 
waking sta te, particularly if we consider 
that the amphetamine induced excitation 
can be prevented by blocking NE syn
thesis (Bloom and Giarman, 1968), and 
by the observations that MAOI have 
strong amphetamine like effects which 
last sorne 6-10 hours. It is true, however, 
that after MAOI administration, the firs t 
effect is a rise in both 5-HT and NE, 
but tha t after sorne 5 hours NE levels 
begin to fall gradually, while 5-HT con
tinues to increase (Green and Erickson, 
1962) . T hese latter results are a bit dif
ficult to reconcile with a catecholarnine 
arousal effect. Perhaps as has been sug
gested by Jones (1972) NE has a dual 
role, and thus the NE containing cells 
of the pontine and mesencephalic reticu
lar formation are involved in waking, 
while those of the pontine tegrnentum 
which contain NE and monoarnine oxi
dase are involved in REM sleep through 
deamina ted metabolites of NE. 

In view of the fact that many of the 
lesions described by J ouvet include teg
mental areas which are known to contain 
large am ounts of cholinesterase (Lewis 
and Schute, 1967; Schute and Lewis, 
1967), it is quite possible tha t J ouvet's 
results rnay in part be d ue to destruction 
of a cholinergic system. Furthermore 
severa! p ieces of evidence indicate that 
ace tylcholi ne (Ach) is in fact involved 
in sleep. Hernández-Peón and his colle
agues (1963) h ave demonstrated the exis
tence of a widespread ascending and des
cending cholinergic hypnogenic system, 
through stud ies showing that local ap
p lication of m icrocrystals of Ach in 
various b rain areas is followed in a few 
minutes by SWS ancl later by REM sleep. 
It has also been shown that during R EM 
sleep there occurs an increased release 
of cortical Ach (Jasper and Tessier, 
197 I ) ; this in crease, however, is similar 
to the one occuring in wakefulness, and 
may thus be relatecl specifically to cor-
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tical desynchronization (Celesia and 
Jasper, 1966). In addition since eserine 
has bcen shown to decrease REM latency 
and in crease RFM time (Iouvet, 1962) 
it seems possible that Ach may be 
involved in all three stages of the wake
fuln ess-sleep cycle. 

Although it seems probable tha t mono
aminergic and cholinergic systems are 
in volved in sleep and wakefulness, it 
seems just as probable tha t there are 
other amino acids involved. Despite the 
possible role o f the GABA system in 
sleep, little work has been done in this 
area, if we compare it with the amount 
of effort expended on the biogenic 
amines. It has long been known that 
-hydroxybutyric acid (GHB) can in
duce sleep (Laborit et al, 1960). This 
e ffect on humans has been confirmed in 
mice, rats, rabbits and cats (Pérez de 
la Mora and Tapia, 1970) , although in 
cats sleep induced by GHB differed 
from natural sleep in that there was no 
closing of eyelids (Drakontides et al, 
1962), and in humans, sleep EEG was 
<lissociated from behavior (Metcalf et 
al, 1966) . 

Furthermore it has been shown that 
ethanol potentiates the hypnogenic effect 
of GHB (McCabe et al., 1971) , this 
being possibly due to the increased sti
mulati on of GABA synthesis by ethanol 
(Roth, 1970; M cCabe et al., 1971) . In 

this respect it is interesting to note that 
GHB is a constituent of sorne wines, 
(McCabe el al., 197 1; Webb el al., 1967; 
1969) ancl as Pérez de la Mora and 
Tapia (1970) have suggested we migth 
speculate that the well known soportific 
effect of wine may be related to its 
GHH content. 

Although all the above observations 
aga in only in~irectly re late the GABA 
system with sleep, and a dubious type 
of sleep at that, there cloes exist however 
sorne eviclence more directly suggesting 
a role for GABA in sleep. Thus J asper 
et al, (1966) and J asper and Koyama 

(1969) observed that brains of cats 
showing a sleep-like EEG patte rn follow
ing midbrain transection, released 3 
times more GABA from the cortex than 
aroused animals, the latter showing 
GABA release identical to controls. lt 
may be important to note than in these 
experiments, aroused animals showed a 
higher release of glutamic acicl than 
sleeping animals. Since GABA is formed 
almost exclusive ly from 1-glutamic acid 
by the enzyme glutamic acid decarboxy
lase (GAD) (Cooper el al., 1970; Robetrs 
and Kuriyama, 1968) J asper's experi
ments may suggest that sleep may be 
dependent on GABA formation from 
glu tamic acid accumulated cluring wake
fulness. An experiment determining 
GABA synthesis c.Iuring sleep deprivation 
may answer this, and is badly needed. 

As can well be seen the "hypnogenic 
substance" is still at large, and most o( 
the evidence linking a particular ne uro
transmitter with sleep is indirect. 

Strangely enough, but possibly due to 
technical difficulties, few people have 
extended Legendre and Pieron's (1910, 
1911, 191 3) and Pieron's (191 3) obser
vations that cerebrospinal fluid (CSF) 
of experimenta lly fatigued dogs, induced 
signs of drowsiness and sleep when inject
ed into the IV ventricle of non-fatigued 
dogs. Sorne 30 years later in a series of 
better controlled studies Schnedorf and 
lvy (1939) confirmed these observations. 
However, it wasn't until sorne 20 years 
later that his research approach was 
reopered (Monnier el al., 1969, 1964, 
1965, 1971). These investigators by using 
a crossed circulation arrangement be
tween two anima Is, have shown that sleep 
induced by electrical stimulation of the 
med ial thalamus in a donor animal, 
releases a bloodborne factor capable o( 
producing sleep in a recipient animal. 
This work extended ea rlier observations 
by Purpura (1956), who had shown 
in simila r crossed circulat ion, a rousal in 
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recipient cats following stimulation of 
donor cats. 

In more recent years different appro
aches have been used in order to find 
whether a specific sleep substa nce can 
in fact be obtained. Pappenheimer and 
his group jPappenheimer e,t al., 1967; 
Fancl et al, 1971) have been able to 
demonstrate the existance of a low mol
ecular weight (500) sleep promoting 
factor in CSF of sleep deprived goats, 
which is not species specific, since it 
can produce its effects in both rats and 
ca ts. Ringle and Herndon (1969), howe
Yer were unable to clemostrate such eff.ect 
with CSF extracted from sleep deprived 
rabbits. 

A yet different approach has been used 
by Drucker-Colín et al. (1970) ancl 
Drucker-Colín (1972), who have shown 
that it is possible to extract, through 
"pushpull" cannulas implanted in the 

midbrain reticular formation of sleeping 
cats, a substance which can induce sleep 
in a recipient awake cat. This "push
pull" system which has been successfully 
uti lized by Myers and his group (1967, 
1971; Yaksh and Myers, 1972) while 
studying eating, drinking and tempera
ture regulation, may prove to be the 
most successful approach in the attempts 
to demostra te and characterize the hyp
nogenic substance, since this technique 
allows ex traction of fluids directly from 
brain tissue where release of substances 
may more clearly reflect ancl be correlat
ed with physiological functions. As can 
be seen from Fig. 2, such perfusates 
extracted from the midbrain re ticular 
formation of a donor cat, when cross
perfusecl into recipient cats can induce 
physiological sleep within short periocls 
of time. 

EFFECT OF SLEEP PERFUSATE AT MIN. 17 
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a ••e• 
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Fig. 2 EEG traci ngs from a recipient cat, al min 17 of reperfusion of donor 's slcep efflucnt. 
Note PGO wavcs in LGB, eyc mo,·emcnts, cortical desynchronization, and the isoelcctric 
EMG, a l! characteristics of FWS, thus indicating Lhat donor 's slcep cfflucnts induced natural 

sleep in recipient ca ls. 

Such effect was much more dramatic 
in another cat to whom the sleep per
fusate was injected into the raphé nu
cleus. This cat (Fig. 3) who 16 min. 
after the injection of the perfusate pres
ented a state of hyperactivity, fell 5 sec. 
later and for 70 min. into slow wave 
sleep. 

Although the physiolog ical effects of 

the perfusates are quite clear, the most 
important question as to which may be 
the chemical nature of the "inhibitory 
transm itter" released at pre-synaptic 
term inals of the "hypnogenic neu rons'' 
necessary to produce hyperpolarizations 
of the post-synaptic "vigilance neurons·· , 
is still a mystery. 
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EFFECT OF PERFA:.ISEO SUBSTANCE ON RAPI-E NUCLEUS OF' RECPENT CAT 

31 M1n. AFTER NTIA TION OF A 15 Mln. PERIOO OF' PERFUSION 

:~~-vwtit'/l~i~--,}\ ,... ••. l .. lliY!'if~~.~"""'~-~~~·¡o.;,.., ...... , 

t 
LGB 

EM ·,, •'" ./.', J:.,~,l'N,-,.IN/,>.·---__.._'-"f'r - .... _ - - --- .--------

Fig. 3 EEG recordings of cat receiving sleep perfusate into its raphé nucleus. Note, at arrow. 
movement artefact produced when a nima l suddenly dropped his h ead, and appearance oí 
SW S 5 scc later. It is also importa nt to note that prior to these events the animal was 
extremely alert as can also be seen from the rccordings, and in p articular from thc EMG 

ami the eye movcments. 
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