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Abstract

Non-rapid-eye-movement sleep (NREMS) is triggered by the accumulation of adenosine, as a result of the perceptual overload of

the brain cortex. NREMS starts in the most burdened regions of the cortex first and then eventually, after the released adenosine has

reached the ventrolateral pre-optic nucleus area of the hypothalamus, triggers the ‘‘general NREMS pattern’’. This is accompanied

by the usual familiar changes in the thalamocortical system. When NREMS reaches the slow-wave sleep (SWS) phase, with its

predominant delta activity, brain metabolism drops significantly with the brain temperature, and this is recognized by the alarm

system in the pre-optic anterior hypothalamus and/or the other thermostat circuit in the brainstem as a life-threatening situation.

This alarm system triggers a reaction similar to abortive or partial awakening called rapid-eye-movement sleep (REMS), which is

aimed at restoring the optimal body-core temperature. As soon as this restoration is accomplished by the activation of the

brainstem-to-cortex ascending pathways, NREMS may continue, as may the interchange of the two sleep phases during the entire

sleep period. During both NREMS and REMS, the same essential pattern occurs in the cortex: the loops ‘‘used’’ during the previous

waking period, now deprived of external input, replay their waking activity at a lower frequency, one which enables them to restore

the membrane’s potential (possibly by means of LTD). During REMS, however, the cholinergic flood originating in the LTD/PPT

nuclei of the pons tegmentum, increases in the basal forebrain and, provoking theta activity in the medial septum is extended to the

hippocampus, causing the circuits that are active at that particular moment in the cortex, to store the information they carry as

memory. This is the explanation of both the memory improvement known to be related to REMS and of dreams. Both phenomena

are clearly side effects of REMS.

r 2004 Elsevier Ltd. All rights reserved.
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1. General introduction

Although the development of theories reflects the
marvelous human ability to generalize and simplify, too
many theories related to the same problem tend to
create confusion and hinder progress.
Sleeping and dreaming, as two temporally but not

necessarily functionally connected processes, have fas-
cinated the human mind ever since it came into
existence. The lack of experimental data (or an
e front matter r 2004 Elsevier Ltd. All rights reserved.
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abhorrence of it), the privacy of these processes, and
sometimes (as so often in science) a vainglorious
attachment to a particular idea have brought us to the
situation we are now in. Although speculation is to be
expected and even encouraged, the evaluation of sleep
and dreams, their function, meaning, and regularity
need to be understood from a more unified perspective.
An integrative and eclectic working explanation of sleep
and dreaming is sorely needed, one which draws on and
includes biological, medical, evolutional, social, psycho-
logical, philosophical, anthropological, and/or historical
observations. We need to bring these views together and
reduce them, as greatly as is possible, into a clear and
coherent system. In an attempt to do this, we are going
to compile a number of ideas that are apparently quite
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different and assemble them with a few logical supposi-
tions into a single model. Although the resulting theory
may not be as comprehensive and all-satisfying as is
desired, it is hoped that it will at least be a step toward
such a theory.
1It might be that the PGO waves cannot be easily traced in humans

(José-Luis Cantero, pers. comm.) because they do not target the

occipital cortex (V1 area) at all but only the extrastriate region. If so,

this might tentatively be interpreted as the consequence of a relatively

larger perceptual/mnemonic overload of higher cortical areas in man

(as compared with cats, for instance). Indeed, it might be that the

evolutionally higher organisms tend to engage higher cortical areas in

the analysis, elimination, or storage of (subliminal) perceptual input.

Alternatively, the reason why human PGO waves are less easily

detectable may be that humans percentagewise rely less on their visual

system than do felines. That PGO waves are related to visual

perception is supported by the fact that these do not appear in cats

until after eye-opening (cf. Marks et al., 1995).

It should be mentioned here that the primary visual cortex seems

to be less active in REMS when compared to NREMS (Braun et al.,

1998). This might be related to the fact that, in contrast to the waking

state, there is no resetting of gamma rhythm by peripheral stimulation

during REMS (Linás and Ribary, 1993).
2. Sleep primer

There is no disagreement about sleep being a phase of
a circadian cycle dictated by our internal ‘‘biological
timer’’, and influenced but not strictly dependent on the
exposure to light. Related to the same cycle are not only
the phenomena of waking and sleeping but also those of
temperature regulation, hormone secretion, and others.
The basic sub-phases of sleep, found amongst almost all
mammals and birds, are referred to as non-REMS
(NREMS, non-rapid-eye-movement sleep) and REMS
(rapid-eye-movement sleep).
NREMS can further be divided into four stages as

follows:
Stage 1 (sleep onset) is marked by slow eye move-

ments, especially in the beginning, and by a predomi-
nance of theta waves in the EEG, ranging from 2 to 7Hz
(in waking, beta activity—15–30Hz—is present; alpha
activity—8–11Hz—chiefly over the occipital areas—is
present when the eyes are closed, and the presence of
gamma activity—430Hz—is an indication of increased
attention; some authors also differentiate rho activity,
ranging from 20 to 30Hz).

Stage 2 continues to demonstrate the predominance
of theta waves, but two additional phenomena, known
as sleep spindles, are periodically inserted (bursts of 6–7
sigma waves—12–14Hz, with a duration ofX0.5 s) and
K-complexes (large amplitude deflections imitating delta
activity—p2Hz; these are also known as ‘‘vertex sharp
waves’’). These phenomena reflect processes in the
thalamus. Some authors consider Stage 2 to be the first
actual stage of sleep (De Gennaro et al., 2001).

Stages 3 and 4 are known as ‘‘slow-wave sleep’’ (SWS)
stages, and differ only in the quantity of delta activity
(Stage 3 has 20–50% of delta activity, while Stage 4
more than 50%; Rechtschaffen and Kales, 1968).
REMS is characterized by low-voltage waves of

mixed frequency (beta, alpha, gamma, and theta), and
in that respect, it is similar to waking. REM, however, is
also marked by episodes of ocular saccades, which are
correlated with saw-tooth-like waves. Typically, the
tonus of muscles is low or absent (except for the tonus of
the ocular muscles and the muscle in the middle ear). In
addition, during REMS, muscle twitching occurs,
especially in the facial and distal-limb muscles, and the
theta rhythm is present in the hippocampus (also in
humans, as demonstrated by Cantero et al., 2003), and
pontine-geniculate-occipital spikes (PGO waves; P
waves in rodents), as well as cardiorespiratory fluctua-
tions. The PGO waves have not been definitely proven
to be present in humans, although the data on
extraocular potentials strongly suggest the existence of
PGO (Rechtschaffen et al., 1970), as does other
electrophysiological evidence (Salzarulo et al., 1975;
McCarley et al., 1983). Some neuroimaging equivalents
(Peigneux et al., 2001) also offer indirect evidence that
supports that hypothesis.1 A more recent proposal even
suggests that spontaneous eyelid movements during
sleep are a human PGO analogue (Conduit et al., 2002).
While desynchronized cortical EEG, hippocampal theta
rhythm, and postural-muscle atonia are tonically pre-
sent, other characteristics are phasical. This is perhaps
the right time to stress that ‘‘REM’’ is not an
appropriate name for this sleep phase, since REMs
occur only during certain episodes (tonic REMS), but
not during episodes of phasic REMS (which would then
have to be called ‘‘REM without REMS’’). French
scientific circles have persistently addressed REMS as
‘‘paradoxical sleep’’, honoring in this way its principal
investigator, Michel Jouvet, who called it ‘‘paradoxical’’
because it did not meet the general expectations of sleep
as a ‘‘calm’’ state.
The EEG manifestations and metabolic characteris-

tics of REM sleep and waking are quite similar, but
there are some crucial differences between these two
states/processes. First of all, in REM sleep, inhibition is
imposed over motor output (allowing the movements of
the eye and middle-ear muscles, as previously men-
tioned). The neurons of the pontine nuclei, called locus
coeruleus (LC) alpha, peri-LC alpha (cf. Gottesmann,
1997), and locus subcoeruleus (Datta et al., 1993), are
themselves inhibited in waking by the activity of the LC,
and are thought to be responsible for exciting the
nucleus reticularis magnocellularis in the ventromedial
medulla oblongata, which then stimulates interneurons
in the medulla spinalis to impose pre-synaptic inhibition
on the alpha motoneurons of the anterior column
(see Fig. 1). In a series of experiments, Jouvet’s group
spectacularly demonstrated that, after a lesion was given
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Pons Locus coeruleus (the “break of the break,”
silenced in REM sleep)

noradrenaline inhibition

Pons Locus coeruleus alpha
Peri-locus coeruleus alpha

Locus subcoeruleus

acetylcholine excitation

Ventromedial Nucleus reticularis magnocellularis (MMC)
medulla oblongata

excitation

Medulla spinalis interneurons

glycin inhibition

Medulla spinalis alpha motoneurons

Fig. 1. A diagram showing the cascade involved in REMS atonia.
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to a cat’s pons (i.e. without inhibition being applied to
the medullar motor neurons), the animal could perform
complex movements (‘‘hallucinatory behavior’’) during
REMS (Jouvet and Jouvet-Mounier, 1960). Similar
effects were observed in the presence of lesions restricted
to the LC level (Jouvet and Delorme, 1965; Sastre and
Jouvet, 1979), but not in the presence of pontine
reticular lesions (cf. Henley and Morrison, 1974).
A possible alternative explanation for REMS atonia

is that the pontine inhibitory area and the gigantocel-
lular reticular nucleus suppress muscle tone during
REMS, by inhibiting the LC (Mileykovskiy et al., 2000).
It is quite possible, however, that the action of this
mechanism overlaps the one we previously described
since, in the study by Mileykovskiy et al. (2000), the
activation of the locus subcoeruleus was observed as
well.
Another important difference between REMS and

wakefulness is that, during REMS, sensory input is
present though greatly reduced when compared to
waking (in other words, there is a higher threshold for
the perception of outside stimuli); this has been
repeatedly demonstrated both in animals and in hu-
mans. Pre-synaptic inhibition in thalamic relay nuclei
has been shown during REMs in the REMS of cats
(Steriade, 1970) and of rats (Gandolfo et al., 1980). In a
work by Atienza et al. (2000), it was demonstrated that,
during REMS in humans, the mismatch negativity (as a
component of an auditory event-related potential
reflecting deviant tones) does appear, but with smaller
amplitude and a more rapid decrease. Cote et al. (2001)
were not able to detect cognitive evoked potential P300
during NREMS, but did detect its parietal reflection
during REMS. In waking, the cortex is activated mainly
by sensory input from outside, while in REMS, the
cortex is activated mainly by brainstem (internally
generated) signals (cf. Datta, 1995).
Finally, the third major difference between REMS
and waking involves the level of activation of
various neurotransmitters. In waking, noradrenaline
(NA), serotonin (5-HT), and acetylcholine (ACh)
demonstrate high levels, but in REMS, ACh predomi-
nates, while NA and serotonin are almost completely
extinguished, due to a GABA-ergic inhibition of the LC
and the dorsal raphe nucleus, respectively (Nitz and
Siegel, 1997a, b).
For a few decades (roughly from 1950 to 1990), it was

believed that dreams (sleep mentation) were connected
only with REMS, since the major number of reports
were retrieved from that sleep phase. Recent research
and metaanalyses, however, have demonstrated that a
difference between the recall of dreams from REMS and
NREMS does exist, although it is not so radical a
difference as was previously believed. Dream reports
from NREMS have been recalled in up to 75% of the
attempts made, but with REMS, from 80 to 90% were
recalled (Cavallero et al., 1992; Stickgold et al.,
2001a,b). Some differences have also been found in the
quality of the reports (Foulkes, 1962); the ones from
NREMS were shorter (cf. Stickgold et al., 2001a,b) and
less vivid, but some researchers claim that this effect was
not consistent (cf. Rosenlicht and Feinberg, 1997). In
this respect, however, it is important to bear in mind
that the major number of dream reports obtained from
NREMS originated in Stage 2 and that the ‘‘dreams’’ in
question might actually have been hypnagogic halluci-
nations.
3. Fundamental assumptions

The simple observation of animals can persuade
anyone that rest and sleep (as an evolutionary and
more sophisticated version of rest) are restorative
processes. Any restorative behavior has to be home-
ostatically regulated, and this is certainly the case with
sleep: the longer sleep deprivation persists, the more
visibly the drive to go to sleep is expressed (Carskadon
and Dement, 1979). Moreover, the progressive
increase in the incidence of sleep rebound that occurs
after sleep deprivation (after six nights, 56% and after
10 nights, 90%) indicates the presence of a substrate
which, by its accumulation, requires the organism to
sleep. In experiments with rats, Rechtschaffen found
that sleep deprivation could be fatal, as a result of the
collapse of thermoregulation (Rechtschaffen et al.,
1989). All of the above assertions lead us to several
basic assumptions:
1.
 Sleep is necessary for survival.

2.
 REMS and NREMS must, at least to some degree,
have different functions; otherwise, their phenomen-
ologies would not differ in the way they do.
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3.
 Sleep in toto has more than one function: it is
possible to discern its main function (s) from the
accessory functions.

4. A theory on the function (s) of sleep

The object here is not to describe the three states/
processes (wakefulness–NREMS–REMS) our behavior
repeatedly entails, but to determine the critical moments
(causes) of their exchange. Common observation tells us
that we go to sleep when we are tired. Even for those
people who are not particularly interested in semantics,
‘‘being tired’’ does not simply mean physical, bodily
fatigue; it implies something more complex. In more
technical terms, one might refer to it as ‘‘neural fatigue’’,
a condition brought on by all of the activities the central
nervous system was exposed to during the previous
period of waking, i.e. the activity of perception.
Each perception activates a visual/auditory/tactile,

etc. pathway: this activation can be partial (i.e. arrested
at a certain point in its progression) or it can be
complete (resulting in conscious awareness, motor
response,2 or storage as memory). Hence, the destiny
of a perception depends essentially on whether the
dorsal (leading to motor action) or the ventral (leading
to memorizing) channels are used. But what occurs in
the case of the thousands of incomplete perceptions that
continuously enter our sensory pathways during wake-
fulness? Some are consciously discharged as useless;
others are abandoned at the subconscious level or
aborted due to a lack of strength or sufficient duration
(subliminal perception). Nonetheless, regardless of its
end result, each activation disturbs the electric milieu of
a neuron, which, at a certain moment, has to enter a
realm of ‘‘electric silence’’ in order to regenerate its
membrane potential.3 One possible way of procuring
this ‘‘silence’’ is to disable the connection that imports
2It has been anecdotally reported by Einstein that some of his most

inspiring ideas came to him while he was riding his bicycle to Princeton

(cf. Hobson, 1989). A possible explanation for this would be the

increased flow of blood to the brain, which would result in more

productive thinking. Another more intriguing possibility would be that

a routine (subcortical) motor activity, like bicycle riding, would allow

for the elimination of an overload of (subliminal) perception, leaving

the brain free to engage in the production of new ideas (if we

understand ‘‘ideas’’ to be the associations of the memory elements and/

or current perception that result in action plans, event anticipations, or

the imagination of a new notion/phenomenon).
3How the brain restores its functional capabilities is debatable. As

one possible mechanism, Benington and Heller (1995) proposed the

replenishment of cerebral glycogen stores (which are depleted during

waking) during NREM sleep. Maquet (1995) stressed the fact that

50% of all cellular glucose and oxygen is used for ionic pumps that

maintain ionic gradients across cellular membranes: accordingly,‘‘r-

estoration’’ could then refer to the restoration of membrane potentials.

Adam and Oswald (1977) suggested a restorative protein-synthesis

activity during sleep that involves not only the brain but also other

bodily tissues.
new perceptions (i.e. the thalamocortical pathway), and
that is precisely what occurs, with certain perceivable
differences, both in NREMS and in REMS.
The fact that perception can actually be considered

neuronal fatigue and sleep a means of recovery from
that fatigue was demonstrated in a series of recent
studies. These showed that brief mid-day naps can
improve various aspects of cognitive performance after
an increase in exposure to such perceptual efforts as
driving (Horne and Reyner, 1996) or visual texture
discrimination tasks (Mednick et al., 2002, 2003). In the
latter study, it was found that repeated perceptual
overloading within a single day of testing caused
significant and retinotopically specific performance
deterioration. It was also found, however, that this
effect could be reversed by introducing a 60-min nap. It
is also possible that neuronal exhaustion can be brought
on by an artificially provoked increase in brain blood
flow and metabolic activity. In support of this assertion,
Nikola Tesla and his assistant reported subjects’
remarkable tendency to sleep (combined with a sense
that time was passing quickly) after prolonged exposure
to X-rays (Cheney, 1993, p. 104).
An indirect proof of the relationship between daily

perception and sleep is the composition of dreams,
which appears to reflect the composition of daily
perception. Visual events are included in almost all
dreams, auditory elements in about 60% of them,
kinesthetic and tactile elements in about 15%, and
olfactory and gustatory elements in less than 5%
(cf. Schwartz and Maquet, 2002). In those subjects
who were congenitally blind, no visual imagery was
found to be present, but in subjects who had become
blind at some time later in life, visual imagery was
present; its presence, however, was found to deteriorate
with time (Blank, 1958).
One of the fundamental beliefs of present-day sleep

theory is that ‘‘useless’’ or ‘‘non-usable’’ perceptions are
eliminated during sleep. According to this view, the
process of cortical regeneration (i.e. the elimination of
the perceptual overload) occurs, for the most part, in
SWS, and the quantity of the elimination process is
reflected in the amplitude and/or the frequency of delta
waves.4 The arguments in favor of this assertion are
numerous. The rate of increase of SWS at the outset of
NREMS declines over consecutive NREMS episodes
and is enhanced after sleep deprivation (cf. Feinberg et
al., 1987, 1988; Dijk, 1995). An increase in the waking
metabolic rate of rats results in an increase in NREMS
4The possibility that the perceptual overload influences delta waves

indicates that it is no longer sufficient to compare the quantity of

NREM to REM. There are important changes that occur with respect

to the quality of NREM sleep (the quantity of delta and other

frequencies, the amplitude, and the frequency of delta, etc.: cf. Feige

et al., 2002, for an example of a pharmacological manipulation of delta

activity).
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5There is possibility that adenosine primarily accummulates in the

basal forebrain (Strecker et al., 2000).
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delta waves, while both duration and the intensity of
wakefulness shape delta activity in NREMS (cf. Fein-
berg and March, 1995). Prolonged waking was found to
result in an increase in power in the low-frequency range
(1–10.75Hz), and this was also found to be the case in
humans (Finelli et al., 2001). It is merely not percep-
tional activity that results in a change in the quality/
quantity of delta waves. Horne (1993), in referring to the
peak of delta activity over the prefrontal cortex, says
that the area is ‘‘the site of greatest cortical brain ‘work’
during wakefulness’’, and Werth et al. (1996) demon-
strate frontal predominance at the beginning of sleep.
The above hypothesis, however, poses several important
questions.
One such question is the issue of how delta waves

would, in fact, be able to complete neuronal restoration.
A possible explanation was offered by Artola and Singer
(1994; cf. also Giuditta et al., 1995), who found that
low-frequency stimulation of an afferent pathway (like
the pathways present in SWS) could provoke LTD. This
phenomenon could be considered equivalent of the
‘‘weakening’’ of memory traces. Crick and Mitchison
(1983, 1995) proposed a process they called ‘‘reverse
learning’’ as the equivalent of weakening. In a computer
model, Hopfield et al. (1983) demonstrated that
‘‘applying an ‘unlearning’ process, similar to the
learning processes but with a reversed sign and starting
from a noise input, enhances the performance of the
network in accessing real memories and in minimizing
spurious ones’’.
It is certain that slow waves can be generated in the

isolated cortex (Whang and McCormick, 1993), and it is
interesting to note how these oscillations are triggered.
In the opinion of Timofeev et al. (2000), these slow
oscillations may be an emergent property associated
with large corticothalamic systems that originate in the
avalanche of activity recruited by single neurons.
According to the predictions of Timofeev et al. (2000),
these oscillations would increase with temperature, and
this is, indeed, known to occur when the body becomes
warmer (Horne and Reid, 1985; cf. also McGinty and
Szymusiak, 1990; on the influence of brain temperature
on EEG theta frequency, see Deboer, 2002). The activity
of single neurons that trigger the appearance of slow
oscillation might itself be triggered by changes in the
membrane potential that result from the presence of
adenosine (accumulated by a perceptual overload).
Moreover, the cortical oscillations in NREMS could
be the electroencephalographic manifestation of the
replay (seen in both NREMS and REMS; Wilson and
McNaughton, 1994; Skaggs and McNaughton, 1996;
Louie and Wilson, 2001).
In addition, it should be noted that NREMS delta

activity is not always a measure of (complete) inactivity:
in a PET study, although Hofle et al. (1997) found (the
expected) negative covariation between rCBF and delta
activity in the anterior cingulate cortex, the orbitofron-
tal cortex, the medial thalamus, the pontomesencephalic
tegmentum, the cerebellar hemispheres, and several
other structures, they also found a positive covariation
in some regions of the occipital, temporal, and parietal
cortex. The authors interpreted the positive covariance
as a reflex of dream-like imagery, one which presents an
additional rebuttal to the persistent idea that dreams
‘‘occur’’ in REMS only. A study by Braun et al. (1997)
reported the association of SWS with selective deactiva-
tion of the heteromodal association areas but, at the
same time, found that activity in primary and secondary
sensory cortices was preserved. Nofzinger et al. (2002),
in a PET study, found a decrease in the activation of
Brodmann areas 8, 9, 44, 45, 46 (DLPFC), 11, 47
(VLPFC), 39, 40 (inferior parietal lobule), 20, 21
(temporal cortex), 17, and 18 (occipital cortex), as well
as in the thalamus, in NREMS, with respect to waking.
On the other hand, it was found that the fusiform gyrus
bilaterally (BA 19), right superior parietal lobule (BA 7),
the right primary motor and sensory areas, the anterior
cingulum (BA 24, 25), the basal forebrain, the hypotha-
lamus, the ventral striatum, the amygdala, hippocam-
pus, and the pontine reticulra formation all increased
their activity in NREMS with waking.
One of the crucial questions to ask here is this: What

is the substrate that relates to a perceptual overload with
sleep propensity, i.e. what is the substrate that promotes
NREMS? That sleep does not necessarily have to
involve the entire cortex at the same time, is known
from the example of dolphins and some birds, which
sleep with one hemisphere at a time. Buchsbaum et al.
(1982) have shown that different power spectra can be
recorded simultaneously by electrodes placed at differ-
ent locations, and Vyazovskiy et al. (2000), experiment-
ing with rat vibrissae, have proved that deep NREMS
can occur as a local response to the activation of a given
region of the brain. Also, Maquet et al. (2000) suggest
that waking experience influences regional brain activity
during subsequent periods of sleep. In this respect, they
agree with Timofeev et al. (2000), who maintain that
‘‘neurons recruited by the slow oscillations could
preferentially be those with the largest number of
synapses recently potentiated during wakefulness’’. It
is not clear how sleep propulsion propagates from one
region to another, but it is quite possible that, at the end
of this ‘‘regional-sleep’’ phase, adenosine, as the
messenger of the overburdened neurons, excites the
ventrolateral pre-optic nucleus (VLPO) of the hypotha-
lamus (or disinhibits VLPO neurons from GABA-ergic
inhibition; Morairty et al., 1998), and triggers a cascade
of ‘‘generalized’’ NREMS.5 The release of adenosine is
stimulated either by an increased metabolic demand or
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6Sleep is influenced both by sleep propensity and by a sleep-

independent circadian process, as stressed by Borbély (1982), who has

also suggested that REMS might reflect the level of the circadian

process. Nicolau et al. (2000) have similarly suggested that REMS is

nocturnal and circadian and that SWS is diurnal and independent of

external factors.
7As well as prokineticin 2, a cysteine-rich secreted protein (Cheng

et al., 2002).
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by a decreased metabolic supply (Benington et al.,
1993). The fact that the release of adenosine is affected
by changes in energy charges throughout the nervous
system makes it an ideal modulated response to the need
for cerebral restoration. Endogenous adenosine has also
been found to strongly inhibit the cholinergic arousal-
system neurons of the basal forebrain and the LDT/PPT
nuclei (Rainnie et al., 1994), while an adenosine A1-
receptor agonist (CPA) was found to increase the
percentage of delta-wave bands in sleep and, in that
way, to imitate the effect of sleep deprivation (Bening-
ton et al., 1993). An adenosine A2a-receptor agonist was
reported not only to increase the amount NREMS but
also to increase Fos expression in the VLPO area
(Scammell et al., 2001). One of the arguments in favor of
adenosine as a sleep-promoting (and neuron-fatigue
signaling) substance is the inhibition of the effects of
adenosine by caffeine (cf., for instance, the effects of
caffeine on sleepiness in drivers; Horne and Reyner,
1996).
Although there are other substances, like uridine and

glutathione (Inoué et al., 1995), that have been found to
promote sleep, adenosine is the only one that satisfies all
the criteria for a sleep-promoting neurotransmitter (cf.
Benington and Heller, 1996; for a review, see also
Greene, 1996). There is also a possibility that the
neuron-fatigue signaling substance is prostaglandin D2
but, even if this is so, adenosine is still the last step of the
cascade that begins with fatigue and ends with the
provocation of NREMS (Hayaishi and Urade, 2002).
An old hypothesis relates serotonin to the triggering

of NREMS (cf. Jouvet, 1969). Since, however, the
electrical stimulation of the nuclei raphe has failed to
provoke sleep, an explanation has been offered that
serotonin (and more precisely, only the axonal release of
serotonin) regulates sleep preparation by influencing the
synthesis of sleep inducing factors (Garcı́a-Garcı́a and
Drucker-Colı́n, 1999). An explanation offered by
Portas et al. (2000) suggests that the serotonin con-
troversy could be resolved if its antagonists were willing
to accept the possibility that different serotonin recep-
tors may mediate different effects, or that contradictory
findings are the result of multiple neurotransmitter
interactions.
The role of the somewhat recently identified orexins

(hypocretins, produced in the lateral hypothalamus; De
Lecea et al., 1998) has been much debated. It is known
that they support wakefulness and, as was demon-
strated, an alteration of orexin receptors leads to
narcolepsy (Chemelli et al., 1999), but there remains
much to be explained about the mechanisms of these
actions. Eggermann et al. (2001) have shown that
orexins do not directly influence the VLPO area, but
that they do excite basal forebrain cholinergic neurons
(the excitatory projections to LC had already been
established by Bourgin et al. (2000). Orexins also
directly excite histaminergic ventral tuberomammillary
nuclei in the posterior hypothalamus (Bayer et al.,
2001); these are involved in the arousal system and have
been found to be inhibited by GABA-ergic and
galaninergic projections from the VLPO area (Brown
et al., 2001). Nitz and Siegel (1996) found SWS to be
facilitated by the release of GABA, which inhibited the
neurons of the posterior hypothalamus.
The role of melatonin in the onset of sleep is still not

entirely clear.6 Melatonin is a pineal hormone synthe-
sized primarily at night. Its role is to communicate the
annual light variations to seasonally breeding animals,
for whom they are important for reproduction. In
humans, however, melatonin is involved in circadian
rhythmicity. It is used as a messenger by the suprachias-
matic nucleus (SCN),7 and it communicates the onset of
darkness. It may be that this system is left over from a
time when such information was more important as a
survival mechanism, reminding as it did, visually guided
mammals (like humans) to search for shelter and protect
themselves from night predators. Since in darkness,
visual perception (that dominates the senses in humans)
is reduced or extinguished, this time for seeking shelter
eventually became connected with the period of neural
restoration. Recently, it has been found that the retinal
ganglion cells innervating the SCN are intrinsically
photosensitive and, thus, may be the primary photo-
receptors for the circadian-clock system (Berson et al.,
2002). It seems that some extra-SCN circadian oscilla-
tors can act as a substitute for the pace-giving activity of
SCN in rats (Abe et al., 2002), but not in ground
squirrels (Ruby et al., 2002). It has also been suggested
that SCN is not involved in provoking sleep, but rather
influences the LC (via the dorsomedial hypothalamic
nucleus), and periodically increases alertness (Aston-
Jones et al., 2001).
Melatonin also appears to send signals to the

pre-optic anterior hypothalamus (POAH); these
transmit information about energy balance and
adjust the set point of body temperature (Saarela and
Reiter, 1994).
The administration of melatonin has resulted not only

in an increase of NREMS (shortening the latency of
sleep onset and increasing the percentage of Stage 2 at
the expense of Stages 3 and 4) but also in a suppression
of the normal diurnal rise of the core-body temperature
(Hughes and Badia, 1997). James et al. (1987) did not
find any alteration in REMS after the administration of
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melatonin, except for an increase in REM latency. The
latter finding might be interpreted as a consequence of a
later REM reaction, since sleep was not provoked by
normal perceptual-overload mechanisms and, thus,
occurred without the normal decrease in temperature
during SWS.
This evidence leaves room for speculation that Stage 2

NREMS may also be involved in the cascade of the
thermoregulatory process, and this may explain why the
percentage of REMS gradually increases during the
night, even when the percentage of Stages 3 and 4
decreases.8 REMS is designed, according to our
proposal, as a reactive process that tends to re-establish
the optimal core-body temperature, and it can be
employed to ‘‘cancel’’ the cooling effects of Stages 2,
3, or 4 of NREMS (remember that Stage 2 in rats is
considered ‘‘deep NREMS’’, cf. Benington et al., 1993).
The hypothermic effects, observed after the administra-
tion of melatonin (Hughes and Badia, 1997), might be
explained as the result of an increased contribution of
Stage 2. Alternatively, it may be possible that melatonin
acts directly upon the pre-optic/anterior hypothalamic
area (POAH), which is responsible for thermoregulation
(Saarela and Reiter, 1994). The paradigm of a decrease
in Stages 3 and 4 of NREMS is also seen after the
administration of benzodiazepines (cf. Stone et al.,
2000). This is consistent with our hypothesis that Stages
3 and 4 play a role in the canceling of the effects of
perceptual exhaustion: melatonin, traditional hypnotics,
and all incentives other than perceptual fatigue (which is
probably transmitted by adenosine) can reach SWS with
greater difficulty (or, when the sleep propensity and the
action of benzodiazepines coincide).
At a certain moment, NREMS is transformed into a

much more vivid state—REMS. What could it be that
triggers this transformation? In experimental animals,
REM phase is preceded by high-amplitude spindles and
low-frequency theta rhythm in the dorsal hippocampus,
and is characterized by the lowest level of thalamocor-
tical responsiveness (the ‘‘intermediate stage;’’ Gottes-
mann, 1996). Jouvet (cf. Jouvet et al., 1995) found that
the upper thermal threshold for the appearance of
REMS was 361C; at lower temperatures, the period
between the two REMS epochs decreased, and the
REMS epochs themselves were prolonged. To these
8The most probable explanation for this phenomenon is that the

quantity of REMS inversely follows the body-temperature curve as it

declines during the night. There is also a possibility that the

thermoregulatory alarm system becomes more ‘‘sensitive’’ during the

night and that Stage 2 is then able to activate it as well as SWS (‘‘a

longer period of less intense—Stage 2—activity might produce

biological effects equal to those of a shorter period of more

intense—Stage 4—sleep; Feinberg et al., 1977a,b). It may also be that,

after the perceptual capacities have been restored, the threshold for

external stimuli becomes lower: it has been demonstrated (Drucker-

Colı́n, 1995) that REMS can be prolonged with a contemporary

administration of external stimuli.
observations, relating REMS to core-body temperature,
one must add the findings of Horne and Reid (1985; cf.
also McGinty and Szymusiak, 1990), who found an
increase in NREMS (which can be interpreted as the
postponing of REMS) followed by a slight rise in body
temperature. Libert et al. (1982) reported a lower
sensitivity of the thermoregulatory system in REMS
episodes. The highest REMS propensity is registered
shortly after the endogenous circadian minimum of the
core-body-temperature rhythm, while the lowest REMS
propensity matches the plateau phase of the body-
temperature rhythm (cf. Dijk, 1995). Salmonella en-
dotoxin was found to provoke an increase in body
temperature and a decrease in wakefulness, with a
higher percentage of NREMS (without, however,
altering the percentage of delta sleep) and a lower
percentage of REMS (Pollmacher et al., 1993). The idea
that arises from the presented evidence, viz., that REMS
is a reaction to the jeopardized balance of the core
temperature, is not a new one. Rechtschaffen and
Bergmann (1995) assumed a thermoregulatory function
for REM, but only in small animals. Berger and Phillips
(1995) related NREMS to endothermy and REMS to
ectothermy. Wehr (1992) suggested a brain-warming
function for REMS, going so far as to explain REMs as
a physiological reaction aimed at warming the eyes and
retinas. Like Jouvet, Wehr saw the rhombencephalic
thermostat as the REM sleep trigger (under the control
of the hierarchically higher hypothalamic thermostat).
According to Wehr, the function of SWS would be to
downregulate core temperature and inhibit energy-
costly behavior.9 McGinty and Szymusiak (1990),
finding a witty precedent in Hippocrates, also suggest
cooling as a major role of SWS. It is much more
probable, however, that the ‘‘brain cooling’’ that occurs
in NREMS is only a side effect of the well-known
decrease in metabolism that is related to that sleep
phase. Maquet (1995) reports a 25–40% decrease in
glucose metabolism during SWS (while during REMS,
the level of the energy metabolism is found to be similar
to or slightly higher than that of wakefulness). With
respect to wakefulness, a decrease in rCBF (PET) was
found in the dorsal pons, the mesencephalon, the
thalamus, the basal ganglia, the basal forebrain, the
hypothalamus, the orbitofrontal cortex, the anterior
cingulum, the mediotemporal cortex, and the pre-cuneus
(Maquet et al., 1997).
There is also a question of where the impulse to switch

from NREMS to REMS originates. It has been
proposed that the peribrachial area (containing LDT
and PPT nuclei) is responsible for triggering REMS as
9It would be wrong, however, to think that it is the absolute

temperature that dictates the appearance and/or the non-appearance

of a REM phase: this assertion is confirmed by the fact that REM sleep

is particularly abundant during the onset of a fever.
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well as for generating PGO10 waves and supporting the
ascendent reticular activating system (cf. Datta, 1995),
while the activity of the mesopontine REM-on choli-
nergic nuclei (PPT and LDT) themselves may be
triggered by the nucleus tractus solitarii in the medulla
oblongata (Gottesmann, 1999). In addition, experimen-
tal results from different laboratories show that the pre-
positus-hypoglossi nucleus of the medulla oblongata
inhibits the noradrenergic neurons of the LC (the
inhibition itself being mediated by GABA-ergic projec-
tions: Ennis and Aston-Jones, 1989; Kaur et al., 2001).
The medulla oblongata could also influence REMS by
the glutamatergic disfacilitation of the LC (Sakai and
Crochet, 2003). In addition, Jouvet suspected the
existence of a ‘‘pacemaker’’ in the ventrolateral medulla
oblongata (pacemaker bulbaire); this mechanism would,
accordingly, be responsible for the cyclicity of REMS
(Jouvet et al., 1995). At the moment of REMS
triggering, there is also an inhibition of the LC that
occasions the onset of muscular atonia. The best
candidate for this inhibition is the pre-optic hypotha-
lamic area (which, with the nucleus pre-positus hypo-
glossi and the posterior hypothalamic area, provides the
major GABA-ergic input for the LC; Singewald and
Philippu, 1998). It might be that a group of neurons
functions as a kind of alarm system, detecting and
reacting to changes in body’s core temperature. The best
candidate for this ‘‘alarm’’ is again the POAH. Besides
being sensitive to the variations of osmotic pressure and
the glucose level (Silva and Boulant, 1984), POAH
contains two groups of neurons: the warm-sensitive and
the cold-sensitive. The former have been found to
increase firing and thermosensitivity in NREMS, while
the cold-sensitive decrease firing in NREMS and
thermosensitivity in both NREMS and REMS (Alam
et al., 1995a, b). Another possibility is that the decrease
in body-core temperature is detected by some other
thermosensitive area, like the one known to exist in
the medulla oblongata (Lipton, 1973). It has been
suggested that the thermosensitive circuits do not act as
transducer sensors but rather as multiple thermostats at
different levels of the CNS, comparing local tempera-
tures and the threshold temperature proper to the
neurons (Kobayashi, 1989).
10It is well worth asking why PGO waves follow the pathway they

do. It might be that that pathway of activation is present only in

animals that rely predominantly on their vision (LGN–occipital

cortex), while in rodents, who rely on tactile and olfactory input, the

pathway of P waves would lead to those centers. In other words, it

would be interesting to prove that PGO/P waves are a manifestation of

a perceptive mode that is predominantly active and overloaded. (There

have already been propositions made in support of this idea: Datta

(1999) found that the P waves of rats end in the occipital cortex, the

entorhinal cortex, the piriform cortex, the amygdala, the hippocampus,

and the midline thalamus, i.e. in the major olfactory areas.)
As mentioned earlier, REMS shares many features
with wakefulness, even at the cellular level (cf. Hennevin
et al., 1995). As the night progresses, these similarities
become even more expressed: REMS’s arousal
threshold decreases, while eye activity increases, as does
irregularity in breathing and the frequency of dream
reports (Goodenough et al., 1965). Moruzzi and
Mancia compared REMS to the fixed action patterns
of waking-state instinctual behavior (cf. Hobson, 1989,
p. 108), while Snyder viewed REMS as a physiological
alarm clock that allows sleep to be punctuated, when
needed, to monitor the environment (Snyder, 1965).
Vertes (1986; Vertes and Eastman, 2000) also views
REMS as a periodic endogenous stimulation of the
brain, i.e. a mechanism used by the brain to
promote recovery from sleep and one which maintains
the minimum requisite levels of CNS activity (‘‘recovery
from sleep’’) during sleep, since SWS delta
activity strongly depresses the brain. According to
Vertes, none of the events of REMS are specific to this
sleep phase, but ‘‘each represents a similar or identical
type of waking activity’’ (Vertes, 1986).11 The two
ideas, one relating REMS to the regulation of
temperature, and other explaining it in terms of an
abortive arousal (or the imitation of arousal), are
not at all incongruent; indeed, they leave space for a
REMS that can provoke an activity similar to
awakening in order to re-establish a jeopardized
thermobalance.12

In neonatus, the percentage of REMS is high
(70–80% of the total sleep time: however, at this life
stadium, the absolute quantum of NREMS is also
high13). Added to this is the fact that some mammals,
like echidna or dolphins, do not demonstrate a typical
REMS pattern; in view of this difference, some authors
have developed the hypothesis that REMS serves as an
endogenous source of stimulation, crucial for the
functional excitation and, hence, the maturation of the
higher centers (Roffwarg et al., 1966; Marks et al., 1995;
Mirmiran, 1995). This idea is not necessarily
incorrect, especially if we consider the possibility that
the ‘‘excitation’’ is more specifically aimed at the
maturation of thermoregulation, or that the higher
11The idea by Krueger et al. (1995) that sleep tends to activate those

neurons that are not active enough during wakefulness might be

considered in this line. They suggest, in addition, that REMS and

NREMS have the same function, that is, to provide synaptic

reorganization.
12One more proof of the relation between SWS and REMS was

provided in the recent study by Roky et al. (2001). According to this

report, in the Muslims obeying the Ramadan fasting, a decrease in

SWS was observed (but with an increase in Stage 2, so that the total

NREMS was increased), together with a decrease in REMS.
13Another question is whether the quiet sleep of the newborn is

functionally comparable to SWS. In rats and cats, for instance, there is

no SWS at all, unlike in guinea-pigs, which are born with a nearly

adult brain. I thank the anonymous referee for stressing this point.
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WAKE
endogenous VLPO
somnogen (GABA)
(adenosine) external stimuli

light/darkness SCN NREM REM
(melatonin)

POAH
core body temperature

Fig. 2. A basic sleep algorithm. The adenosine–VLPO system and the

light–SCN system influence the transition from wakefulness to

NREMS and vice versa, while the temperature–POAH system controls

the transition from NREMS to REMS and vice versa. External stimuli

can provoke awakening from both NREMS and REMS.

A. Muzur / Journal of Theoretical Biology 233 (2005) 103–118 111
REMS percentage may reflect a ‘‘depth’’ (low fre-
quency) of delta activity.14 A similar logic can be applied
to predators, which have a greater percentage of REMS
than non-predators: their delta sleep may be more
profound because of a more engaged perception, and
the high percentage of REMS is only a reaction to it.15

Another reason why neonati demonstrate deeper SWS
and, therefore, a high percentage of REMS, may be that
their memorizing circuits are undeveloped and delta
sleep functions as the major eliminator of perceptive
overloads.
Logically, another important question would be:

‘‘What causes us to wake up?’’ Everyone has experi-
enced the two possible ways of awakening, i.e. a
‘‘natural awakening’’ and a ‘‘forced awakening’’. A
natural awakening is supposed to occur at the moment
sleep has completed its function (according to our idea,
the regeneration of the perceptive capacities). Paralleling
this regeneration is an increase in the ability to register
outside stimuli and, at a certain moment, even a gentle
outside stimulus (auditory or vibratory) can be enough
to wake us up. In the case of a forced awakening,
however, the period of sleep will not have accomplished
its regenerative function, but the outside stimulus is so
intense (an alarm clock, for instance) that it disrupts the
sleep loops (thalamothalamic in NREMS or PGO in
REMS). The proposed ‘‘sleep algorithm’’ is shown in
Fig. 2.
14It might be also that echidna and dolphins have a different system

of thermoregulation.
15In this light, one might observe that ‘‘short’’ and ‘‘long’’-sleepers

reflect the quantum of the intensity of their perception (or the velocity

of the regeneration of their perceptive capabilities). This may be valid,

of course, only in cases where the length of sleep is not imposed by

conscious habituation and/or individual activity rhythms.
5. On the relationship between REMS and memorizing

Datta (2000) proved that, in rats, after a session of
conditioned avoidance learning, P-wave density in-
creases, as do REMS (425%) and the transition
between NREMS and REMS (4180%). Maquet et al.
(2000) demonstrated in a PET study that, in human
subjects, those brain areas activated during the execu-
tion of a serial reaction time task during wakefulness
were significantly more active during REMS in subjects
previously trained for the task than in those subjects
who had not been trained for it. Information acquired
during active behavior was found to be re-expressed in
hippocampal circuits (‘‘place cells’’) during the ensuing
SWS period (Wilson and McNaughton, 1994; Skaggs
and McNaughton, 1996) and even at a faster time-scale
(Nádasdy et al., 1999).
To these findings must be added those of Louie and

Wilson (2001), who demonstrated that waking hippo-
campal ensemble activity is replayed during REMS.
This would indicate that, in actuality, the same
phenomenon occurs in the cortex during both REM
and NREM phases of sleep, but that the ACh ‘‘flood’’,
present during REMS, differentiates the one state from
the other by triggering hippocampal theta oscillations
and, thereby, enabling a ‘‘replay’’ to be fixed as memory.
As demonstrated by Smythe et al. (1992), hippocampal
theta bursts are excited by a cholinergic input from the
medial septum and the vertical limb of the diagonal
band of Broca. A synchronization between hippocampal
theta waves and PGO waves during REMS was
demonstrated by Karashima et al. (2001).16 Also in
rodents, the anatomical projections of the P-wave
generator cells were found to include the hippocampus,
the amygdala, the entorhinal cortex, and the visual
cortex (Datta et al., 1998). The cholinergic under-
pinnings of memory have also been demonstrated in
the studies of Delacour et al. (1990) and Juliano et al.
(1991), as well as those of Bakin and Weinberger (1996),
who used the induction of cortical plasticity to stimulate
the nucleus basalis, the main subcortical source of
cortical ACh.
The finding that improvement in tasks involving

visual discrimination depends on SWS in the first
quarter of the night and REMS in the last quarter of
the night, as reported by Karni et al. (1994), may be
interpreted as a combination of the restoration of
perceptive capabilities (SWS) and the memorizing of
certain skills (REMS). This agrees with the work done
by Plihal and Born (1999), which stresses that ‘‘early
sleep dominated by SWS facilitates consolidation of
declarative memory, whereas late sleep dominated by
REMS facilitates consolidation of nondeclarative
16Cf. also the close relationship between REMS and the PGO-like

processes in humans, reported by Peigneux et al. (2001).



ARTICLE IN PRESS
A. Muzur / Journal of Theoretical Biology 233 (2005) 103–118112
memory’’. Improvement in declarative memory tasks may
be a consequence of restorative processes in the cortex,
while non-declarative memory tasks may be strengthened
by the high activation of the basal ganglia, which is
known to occur in REMS (Braun et al., 1997). According
to our present understanding, sleep (in general, or only
REMS) is particularly well suited for the support of
procedural (i.e. perceptual and motor skills) learning
(Walker et al., 2003a, b), but does not support episodic
memory consolidation (Fosse et al., 2003).
The above observations relating memory to REMS

bring up some interesting speculations about memory in
general. The strengthening of memory (LTP) may
require high-frequency stimulation (theta or higher)
and the coactivation of attention (basal forebrain) and/
or emotions (amygdala). The activation of the dorso-
lateral pre-frontal cortex (inactive in REMS) is ob-
viously not necessary. The suggestion that for learning,
i.e. the acquisition of new information, the activity of
aminergic systems is required, may also be true, since by
‘‘new information’’ we mean information arriving from
external sensoria.17

Hence, despite the objections of some persistent
opponents (Vertes and Eastman, 2000; Siegel, 2001),
there can now be little doubt that REMS is the phase
during which memory traces are formed and/or
strengthened. Nonetheless, the formation of memory is
only an accessory side effect of REMS and not its main
evolutional function. Indeed, stress has been found to
provoke REMS rebound (Rampin et al., 1991),18 and
this has been used as a counter-argument by opponents
of the memory-facilitation hypothesis. Still, REMS
rebound after stress might be of the same origin as
REMS rebound after prolonged exposure to learning
(cf. Stickgold et al., 2001a,b). In both cases—stress and
intensive perceptional effort—REMS rebound is a
reaction designed to counter-balance qualitative changes
in SWS (‘‘deeper’’ delta), which are the direct result of
an increased restoration necessity. REMS rebound,
17The interference between aminergic systems and sleep can also be

seen in those cases where an increased motivational arousal (primarily

mediated by NE and 5-HT) prevents us from falling asleep, even when

the perceptual overload is high. Sleep, in these cases, might be post-

poned or subsequently shallow. If, on the other hand, a perceptual

overload is present and occasioned by the combined activation of two

(or more) sensory systems (the dominant visual and a non-dominant

auditory, for instance), but without pronounced motivational arousal,

the ‘‘additionally’’ activated (non-dominant) sensory system (auditory,

in this case) will have difficulties obtaining synchronization with the

dominant system (visual), and this will cause it to shift in the direction

of the alpha frequency (and produce a shallower SWS). Cf. Cantero

et al. (2002).
18Cf. also the REMS rebound in rabbits, after sexual intercourse:

this can be interpreted both as a response to stress and as an intensive

olfactory and tactile perceptional activity. The doubling of REMS in

rats exposed to darkness during the daytime (Saper et al., 2001) could

also be explained in terms of an increase in perception on the part of

the dominant senses (tactile and olfactory).
therefore, is a quantitative REMS response to a
qualitative NREMS change, which is necessary for the
protection of thermobalance.
6. On dreams and dreaming

The sleep ‘‘product’’ that has most fascinated humans
is undoubtedly that of dreaming. To address this
subject, it is first necessary to distinguish four separate
notions as follows:
1.
1

sam
REMS, which is one of the two phases of sleep
present in birds and most mammals. From the time of
its discovery in the 1950s, it was taken for granted
that dreaming was related to the REM phase only.
Today, we are not so sure that this is the case.
2.
 Dreaming, which is a process of elimination (weak-
ening) of the percepts from the subject’s prior period
of waking.
3.
 A dream, which is the fixation in the memory of a
part of the dreaming process.
4.
 A dream report, which is the verbalized version of a
dream.19

As we have suggested, according to the present
theory, dreaming should be thought of as the cortical
activity typical for both REMS and NREMS, but
dreams, i.e. the stored traces of dreaming, ‘‘occur’’ only
during REM, since it is at that time that the cholinergic
flood fixates the current dreaming into memory. (In this
way, paradoxically, those contents pre-destined for
elimination, are actually fixated into memory because
of the REMS or awakening that occurred at that
particular moment.) The fact that dream reports (as
poor reflections of dreams) can also be collected from a
significant number of NREMS awakenings, can be
explained in three ways: (a) what we recall from such a
situation is actually a Stage 2 hypnagogic hallucination;
(b) what we recall from NREMS is actually a trace
originating in the previous REM phase; or (c) what we
recall is a trace that was fixated into memory by the
event of awakening itself, which causes a neuromodu-
latory situation somewhat similar to that caused by
REMS. The opinion that dreams (the stored traces of
dreaming) are to be related only to a REMS physiolo-
gical background is shared by Takeuchi et al. (2001), but
those episodes of sleep that are lacking some of the
criteria for REMS and still produce dreams, are referred
to by Nielsen as ‘‘covered REM sleep’’ (Nielsen, 2000).
What dreams contain is a particular issue. Certainly,

the major part of the mentalization process incorporates
conscious or subliminal perceptions from the previous
9On the methodological issues and problems in dream-report

pling and evaluation, cf. Schwartz and Maquet (2002).
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22A related issue here is the existence of the so-called premonitory

dreams. In such cases, it would seem likely that the crucial elements in

those dreams are subliminally perceived hints and related concerns that

form a correct prediction, one which appears in a dream but in

wakefulness is too short to be consciously processed. If, on the other

hand, it can be established that premonitory dreams, in the sense of

real predictions of the future, do exist, then we will be obliged to alter

our scientific and philosophical frames of reference in order to accept

them.
23The first ‘‘deformation’’ (barrier) is the memorization of the dream

trace, the second is its codification into words, the third is the social/

moral acceptability of a dream, which forces us to keep some thoughts

silent and not mention them to others or even voice them to ourselves.

This might be viewed as a kind of Freudian censorship, but not in the

sense that it protects sleep; its function is to maintain the good

reputation of those who are awake. A fourth cause of dream distortion

might be the focus/orientation of the dreamer when asked by an

investigator to produce a report. A possible fifth cause that should not

be overlooked is the attempt made to ‘‘logicize’’ the dream, i.e. to make
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period of waking. In many cases, however, the reports
also contain elements from an earlier established long-
term memory (both recent and remote), and it is
probable that those elements are somehow related to
the more recent perceptions (perhaps those that started
to form associative connections).20 The accessibility of
the long-term learning-related neural changes that take
place during REMS has been demonstrated by Atienza
and Cantero (2001). As Crick and Mitchison (1995) also
stress, ‘‘neural nets can store information in a way which
is distributed, robust, and superimposed. When over-
loaded, such nets often output pattern which is a
mixture of some of its stored patterns, especially if the
patterns are somewhat related’’.
Maquet et al. (1996) found a positive correlation

between REM and rCBF (applying PET) in the pontine
tegmentum, the left thalamus, both the amygdalas, the
entorhinal cortex, the anterior cingulum, and the right
parietal operculum, while a negative correlation was
observed between the dorsolateral pre-frontal cortex,
the supramarginal gyrus of the parietal cortex, and the
posterior cingulum and pre-cuneus. These findings have
inspired many researchers to attempt to explain the
features of dream reports in accordance with the
structures and regions activated in REMS. In this way,
the bizarreness and other illusory features of dreams
might be explainable in terms of the recruitment of
‘‘incompetent circuits’’, that is, those circuits that have
not been refreshed during sleep, and therefore, contain
fading information (Kavanau, 2001). On the other hand,
these can also be seen as the result of a deactivation of
the dorsolateral pre-frontal cortex (cf. Hobson et al.,
1998a, b; Muzur et al., 2002).21 It is also possible,
however, to explain the bizarre quality in dreams in a
very simple way: during wakefulness, our constant
perception of outside stimuli (inaccessible during sleep),
and constant comparing of our actions (including speech
and all other aspects of behavior) with the habitual (this
20Pötzl suggested that dreams are formed from: (1) a sensory factor

(unconscious registration and fragmentation of the percept), (2) a

motor factor (incomplete eye movement), and (3) a symbolic factor

(following Freud’s concept of unconscious wishes) (cf. Weinstein et al.,

1991). One could reformulate and broaden this idea, suggesting that

dreams contain: (1) current sensory stimuli, (2) day residue (conscious

and unconscious perceptions from the last waking period), (3)

internally generated ideas, concerns, etc. from the last waking period,

and (4) older memories (Freud refers to this mixing and combining of

different memory traces as ‘‘condensation’’).
21The inactivity of the DLPFC in REMS actually means that

inhibition (of inadequate element combining) is missing. Such

inhibition, normally present in waking, may be the same inhibition

that is responsible for the constant monitoring of morally inadequate

contents: if so, then Freud’s hypothesis, claiming that inhibitory

activity causes the transformation of dream contents into symbols, is

not valid. This lack of inhibitory capacities might also be the reason for

which, in sleep as well as in hypnosis, suggestions coming from the

outside (e.g. the sound of pouring water) are so readily transformed

into motor actions (drinking/urinating, etc.).
comparison being performed by the dorsolateral pre-
frontal cortex, which is inactive in REMS), results in the
constant correction of our output. It is in the absence of
this activity, therefore, that our dreams demonstrate
strange (only from the perspective of a wakeful analysis)
interconnections of scenes or scene details, and that the
persons who people them utter ‘‘inappropriate’’ sen-
tences, or that the protagonists and locations are
combined in unusual ways, etc.22 At the same time,
one has to remember that not every dream report is
bizarre: aside from the fact that we can have acceptable
dreams in the same way that we have acceptable
perceptions, it is quite certain that, between dreams
and dream reports, there lies a gulf of verbal ‘‘correc-
tions’’, and reformulations.23 Despite of all of these,
however, dreams when recounted are still frequently
disorganized and unlikely.
It is a well-known fact that, although REM phenom-

ena originate in the brainstem, dreams are to be ascribed
to cortical activity.24 This agrees with the findings of
it into a logical composition (despite its illogicality), and this

necessarily produces a minor or even a major degree of falsification.

Psychoanalysis, therefore, is not dream analysis, but dream-report

analysis. All its rules, hypotheses, and effects, have to be ascribed to

the verbal reflection of phenomena that are probably quite different

from their original manifestations.
24To consult one of the possible analyses of the contribution of

various cortical areas to dreams, see Solms (1997, pp. 66–67). In his

study, Solms focuses on the claim that dreams are not generated in the

brainstem, but in the cortex, and he supports this hypothesis with case

histories of patients who, after damage to certain parts of the cortex,

stopped dreaming. No one has ever actually advocated that the cortex

is not necessary for the production of dreams: even though it is REMS,

originating in the brainstem, that activates the cortex. Without the

cortex, no recent perception, no old memory trace, could be

incorporated into dreams, and, even if dreams did ‘‘occur’’ it is

unlikely that they could be retrieved (if there were, for example,

damage to the right prefrontal cortex). The only possible proof that

REMS does not have this trigger value for the production of dreams,

would be a demonstration ‘‘that dreams persist in cases with both

brainstem lesions and demonstrable cessation of REM’’, and such

proof has not yet appeared (Solms, 1997, p. 157).
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Doricchi and Violani (1992), which deal with the
cessation of dream reporting after damage to some
frontal and extrastriate cortical regions. The fact that
some frontal cortical areas are less active in REMS than
they are even in waking, induced Hobson et al. (1998b)
to suggest that Freud’s concept of dreams as symbols
might be wrong. Freud’s assertion that dreams are ‘‘the
guardians of sleep’’ is certainly open to question, but it
can not be entirely discredited; those areas that might be
responsible for inhibition (and hence ‘‘censorship’’), i.e.
the ventromedialpre-frontal/orbitofrontal/cingular cor-
tex are active in REMS.25 Even if, in the future, we are
forced to abandon Freud’s interpretation of dream
symbols, his idea that dreams reflect the subconscious
will still be recognized as a valid concept, and dream
reports will, no doubt, still be interpreted, but in a more
literal manner, without the former search for hidden
meanings.26 Such a development might prove helpful,
especially in cases where dreams tend to be repeated,27

or, as suggested by Hobson et al. (1998b), when one is
dealing with the emotional aspect of dream reports.
One of the questions that comes up when one

considers REMS and dreams is that of the possibility
of a connection between the content of dreams and the
movement of the eyes (the so-called ‘‘screening hypoth-
esis’’). Unfortunately, this issue has not yet been
resolved (and that is scarcely surprising, when we take
into account the methodological problems involved).
There are some studies that claim to have demonstrated
a connection (Herman et al., 1984), and others that deny
one (Jacobs et al., 1972). Doricchi et al. (1993) suggested
that the REMs should be thought of as functionally
equivalent to the automatic orienting saccades of the
waking state. It can also be hypothesized that the frontal
eye field is directly stimulated by dream content (i.e, that
the REMs of REMS are ‘‘saccadic scans of targets in the
dream scene’’; Hong et al., 1995).
25It is perplexing that areas of the brain which engage in the

inhibition of inappropriate behavior and thoughts, nonetheless allow

us to have morally, sexually, and socially unacceptable dreams. It may

be that inhibition by the OFC/cingulum does not occur in dreams,

since the apparatus responsible for estimating the need for inhibition

(i.e. the DLPFC) is inactive during that state.
26Freud’s distinction between the ‘‘manifest’’ and the ‘‘latent’’

content of dreams is, therefore, not to be adopted, according to the

present theory: the ‘‘manifest’’ content is actually what is here called

the ‘‘dream report;’’ the ‘‘latent’’ content has not yet proved its

neuroanatomical justification.
27Solms (1997, pp. 66–67) reports a relationship between repetitive

dreams (nightmares) and damage to the temporal cortex. In this

respect, it would be interesting to design a map relating various dream

disturbances to particular brain regions.

Crick and Mitchison (1995) offer an acceptable hypothesis for the

formation of recurrent dreams. According to their theory, experiencing

fright in a dream provokes awakening, and this fixates the dream’s

content in memory. It is, then, this fixation that makes the dream recur

on consecutive nights.
In the light of our present theory, it is possible to offer
an acceptable explanation. Both dreams and REMS
reflect the perceptive (sensory) activity of the preceding
period of wakefulness: REMs, therefore, are replaying
those movements that occurred during the day, but at a
higher speed (with saccades instead of slow pursuit
movements).28 Another possible explanation is that the
emergence of REMs is a consequence of the activation
of the basal forebrain, which is also known to subserve
attention processes. This idea would not only coincide
with Rizzolatti’s ‘‘premotor theory of attention’’, which
relates attention to oculomotricity, but it would also
explain the fact that, in the case of blind people, REMS
are either not present or are of significantly lower
amplitude (Berger et al., 1962; Offenkrantz and Wol-
pert, 1963; Amadeo and Gomez, 1966). Furthermore, it
has been shown that contralateral-neglect patients
demonstrate an almost total suppression of REMS,
which are directed away from the side of the lesion
(Doricchi et al., 1993).29 In addition, although the
finding that eye-movement density decreases after sleep
loss could be interpreted as the result of an increased
depth of recovery sleep (Feinberg et al., 1987, 1988), it
could also be a consequence of a fatigued attentional
system.
In conclusion, it should be not forgotten that, when

discussing sleep and dreaming, we often commit the
mistake of viewing phenomena only from an evolu-
tional, linear, and/or teleological perspective. It is a
common tendency to think that every process has its
‘‘higher logic’’ and a scope that has been fulfilled up to
the moment of our observation (a manner of thinking
that resembles the ‘‘philosophical egocentrism’’ of Hegel
and Condorcet). In such a way, we risk viewing dreams
and sleep as the final stages of a graded evolutional
development. It will be interesting to see whether or not
the relationship between NREMS and REMS will
change with the evolution of the human species: after
all, we have been observing them for only about 50
years.
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