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Abstract

Animal models are a promising method to approach the basic mechanisms of the neurobiological disturbances encountered in mental disorders.
Depression is characterized by a decrease of REM sleep latency and an increase of rapid eye movement density. In schizophrenia, electro-
physiological, tomographic, pharmacological and neurochemical activities are all encountered during REM sleep. Mental retardation and dementia
are characterized by rather specific REM sleep disturbances. Identification of the genetic support for these abnormalities (endophenotypes)
encountered during REM sleep could help to develop specific treatments.
# 2007 Published by Elsevier Ltd.
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1. Introduction

Great progress has been made in the treatment of severe
mental diseases. The major innovation came from psycho-

pharmacology which by the 1950s, launched the release of
chronically hospitalized patients from psychiatric institutions.
These chemical forms of treatment were first identified
empirically. Although the roots of Rawolfia serpentina used
as a tranquillizer, had been known since Antiquity, the
corresponding chemical agent, reserpine (serpasil), was
introduced into the modern pharmacopoeia only in 1954
(Fouks et al., 1954), before being rapidly abandoned because of
major hypotensive influences (Freis, 1954). In fact, the current
psychopharmacology began slightly earlier, in 1951, when

www.elsevier.com/locate/pneurobio
Progress in Neurobiology 81 (2007) 237–250

Abbreviations: 5-HT, serotonin; MHPG, 3-methoxy 4-hydroxy phenyl

glycol

* Corresponding author at: 22 parc Lubonis, 06000 Nice, France.
Tel.: +33 4 93 81 34 04; fax: +33 4 93 81 34 04.

E-mail address: claude.gottesmann@unice.fr (C. Gottesmann).

0301-0082/$ – see front matter # 2007 Published by Elsevier Ltd.
doi:10.1016/j.pneurobio.2007.01.004

http://dx.doi.org/10.1016/j.pneurobio.2007.01.004
mailto:claude.gottesmann@unice.fr


Henri Laborit (Laborit and Huguenard, 1951) working on
artificial hibernation for surgical procedures, identified the
tranquillizing impact of 4560 R.P (chlorpromazine) and
suggested its use to Jean Delay (Delay et al., 1952) for
agitated patients. Chlorpromazine thus became the first specific
antipsychotic treatment. The next great progress occurred in
1957 when two clinicians discovered antidepressive com-
pounds. First, N. Kline (Loomer et al., 1957), while dining with
tuberculosis surgeons, learned that the patients became
euphoric after iproniazide (a later discovered inhibitor of
monoamine oxydases). Then, R. Kuhn (Kuhn, 1958–1959)
realized that imipramine (later identified as monoamine
reuptake inhibitor), a molecule close to chlorpromazine, was
also efficient against depression.

In spite of recent progress in the typically symptomatic
treatment of psychiatric diseases, the underlying mechanisms
of the latter remain to be discovered. Indeed, as with
schizophrenia, these diseases are multifactorial with an
appreciable polygenic component (Gottesman and Shields,
1967). Hence, researchers are looking for criteria which are
characteristic of mental diseases and provide complementary
information about their distal genetic roots. One of the most
frequent approaches concerns «endophenotypes» (Gottesman
and Shields, 1973). These criteria, which can be «neurophy-
siological, biochemical, endocrinological, neuroanatomical,
cognitive or neuropsychological» (Gottesman and Gould,
2003) are «measurable components invisible to the naked
eye along the pathway between disease and distal genotype»
(Gottesman and Gould, 2003). Endophenotypes represent
relatively elementary functional phenomena of any behavior
and are also encountered in mental diseases where they can help
identify the responsible gene(s) (Hasler et al., 2006).

Endophenotypes should posses some specific criteria. The
endophenotype: (a) must be associated with illness in the
general population, (b) must be observable despite the fact that
the patient may be in partial or complete remission, (c) should
be heritable, (d) should segregate with illness within families,
(e) should be observed at a higher rate among unaffected family
members compared to the general population (Gottesman and
Gould, 2003; Berrettini, 2005).

Of course, nowadays, the best means of research involves
valid partial animal models of the different psychiatric diseases
(Gould and Gottesman, 2006).

We would like to show that a specific sleep stage, namely,
the rapid eye movement REM (dreaming) stage, provides a
good model for psychiatric endophenotypes. This sleep stage,
which also occurs in birds (Klein et al., 1964; Ookawa and
Gotoh, 1964; Ookawa and Gotoh, 1965; Tradarti, 1966), is
already present in primitive mammals, in partial (Siegel et al.,
1996; Siegel et al., 1999; Nicol et al., 2000) or complete (Nicol
et al., 2000) form. In all other mammals, it is mainly
characterized by cortical rapid low voltage activity, often
indissociable from the waking electroencephalogram (EEG)
(Aserinsky and Kleitman, 1953; Dement and Kleitman, 1957;
Dement, 1958; Jouvet et al., 1959), rapid eye movements
generally occurring in bursts (Aserinsky and Kleitman, 1953)
and inhibition of muscular activity (Jouvet and Michel, 1959;

Berger, 1961). In addition, though mainly studied in animals
but also described in humans (McCarley et al., 1983; Miyauchi
et al., 1987), phasic waves called ponto-geniculo-occipital
(P.G.O.) spikes (Jouvet and Michel, 1959; Mikiten et al., 1961;
Hobson, 1964; Michel et al., 1964) and eye movement
potentials (E.M.P.) (Michel et al., 1964; Gottesmann, 1966,
1967a,b, 1969) occurs in association with the eye movements
(see Callaway et al., 1987; Gottesmann, 1997).

Dreaming is the nearly specific unique mental activity of
REM sleep. Indeed, while some dreams have been described
during slow wave sleep in addition to the main thought-like
mental activity (Foulkes, 1962; Bosinelli, 1995), dreaming is
now considered to occur necessarily during underlying REM
sleep neurobiological processes even if some electrophysiolo-
gical criteria are covert (Takeuchi et al., 1999; Nielsen, 2000;
Takeuchi et al., 2001). This mental activity is supported by both
activating and inhibitory, antagonist yet complementary
forebrain processes, mainly supported by the brainstem, the
inhibitory processes being significantly decreased during REM
sleep as compared to waking (see Gottesmann, 1999, 2005a).

We will consider the relationship which can be established
between REM sleep neurobiological criteria and psychiatric
diseases. We will successively analyse REM sleep disturbances
in depression, schizophrenia and mental retardation-dementia,
the last disorders being long considered to constitute the only
true neurological syndromes.

2. Results

2.1. Depression

It is likely that Gresham et al. (1965) undertook the first
sleep study of depressive patients and found more REM sleep in
the first third of the night. Shortly afterwards, Green and
Stajduhar (1966) and Hartmann et al. (1966) found a decrease
of REM sleep latency at sleep onset, and an increased
percentage of REM sleep. Very interestingly, Green and
Stajduhar observed a decrease of REM sleep after electroshock
treatment (which confirmed results obtained the same year in
animals (Cohen and Dement, 1966; Cohen et al., 1967)), and
the subjects were cured by this application. Today, the reduced
latency of REM sleep appearance which expresses a pressure of
this sleep stage, is well established. More recent findings have
shown that there is also an increase of eye movement density,
thus of the number of rapid eye movements per period of REM
sleep, particularly during the first part of night, while the
increased eye movements usually appear in the last part of the
night during longer-lasting REM sleep periods (Rush et al.,
1986). In addition, there are, during sleep, homolaterally theta–
delta and bilaterally beta–delta EEG coherence abnormalities
in subjects at high depressive risk (Fulton et al., 2000). All
REM sleep abnormalities favor development of later depressive
episodes (Giles et al., 1988b), and even unaffected relatives
show reduced REM sleep latency and increased eye movement
density (Giles et al., 1988a; Giles et al., 1993; Giles et al., 1998;
Modell et al., 2005). The heritability of these REM sleep
characteristics concords well with the endophenotype criteria
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(Gottesman and Gould, 2003; Berrettini, 2005). The same
symptoms are observed in remitted patients (Lauer et al., 1995)
and borderline persons with mood disorders even without
previous clear-cut depressive episodes (Battaglia et al., 1999).
REM sleep disturbances continue life-long (Goetz et al., 2001),
particularly the rapid eye movement density which perhaps
more than REM sleep latency, appears to be a biological marker
of depression (Lauer et al., 1991; Clark et al., 2000). This
increase of rapid eye movement density and shortened REM
sleep stage occurrence is associated with a tendency for plasma
cortisol to shift to the beginning of the night (Rao et al., 1996).
This phenomenon confirms that in depression there is a
disturbance of the corticosteroid function, even possibly a key
to its pathogenesis (Ising et al., 2005; Keck et al., 2005).

Whatever the precise origin of depression disturbances, the
above described results show that there is a disturbance of the
circadian cycle. Indeed, as early as in 1979, Wehr et al. (1979)
observed advanced sleep phase criteria in depression, such as
the 3 h advanced urine level of 3OCH3

4OH-phenylglycol
(MHPG), the specific metabolite of noradrenaline. After a 6 h
advanced sleep time schedule prescribed to the patients, 4/7
recovered from depression. This finding could account for the
reduced REM sleep latency and rapid eye movements pressure
in depression, since the noradrenergic neurons of the pontine
locus coeruleus have to become silent to allow REM sleep
occurrence (Hobson et al., 1975; Aston-Jones and Bloom,
1981a; Mallick et al., 2002, 2005). And, indeed, behavioral
(Vogel et al., 1973) as well as pharmacological suppression of
REM sleep by inhibition of monoamine oxydases (Toyoda,
1964; Dunleavy and Oswald, 1973) improved depression.
There was a parallel evolution of mood improvement and
lowering of REM sleep and it was concluded that REM sleep
deprivation is the mechanism by which antidepressive
compounds improve depression (Gillin et al., 1978; Vogel,
1983). Moreover, recent results show that increased rapid eye
movement density could be a marker for poor response to sleep
deprivation (Clark et al., 2000). Interestingly, in contrast with
the specific REM sleep pressure in depression, the tendency to a
global sleep deficit in this disease could be an endogenous
compensatory process which is possibly an attempt to increase
the central level of noradrenaline and serotonin (Adrien, 2002).

For years, serotonin rather than noradrenaline disturbances
were thought to be more heavily involved in depression, and
both monoamine oxydase inhibition and monoamine reuptake
inhibition act on both noradrenaline and serotonin. Serotoner-
gic neurons of the dorsal (McGinty et al., 1974; McGinty and
Harper, 1976) and medial (Rasmussen et al., 1984) raphe nuclei
are also silent during REM sleep and their firing in dorsal raphe
nucleus is reduced in the chlomipramine model of endogenous
depression (Yavari et al., 1993). The serotonergic receptors
involved were studied and it was shown that 5-HT1A receptor
agonists given peripherally similarly inhibit REM sleep in
normal and depressed patients (Gillin et al., 1996) as well as in
mice (Boutrel et al., 1999), whereas they increase REM sleep
when perfused in the dorsal raphe nucleus (Portas et al., 1996).
The depression-like behavior in adult knock-out mice without
5-HT transporters can be reversed by early life treatment with

5-HT1A antagonists (Alexandre et al., 2006). The 5-HT1B

receptor is also involved in REM sleep generating processes
since 5-HT1B knock-out mice show an increase of REM sleep
(Boutrel et al., 1999). Recent results have shown that the 5-HT7

receptor is also involved in REM sleep regulation since
antagonists specifically disturb sleep by increasing REM sleep
latency and decreasing its total amount during the day-time
(Thomas et al., 2003). Finally, 5-HT3 receptors which favor ion
fluxes are inhibited by most antidepressive compounds
(Eisensamer et al., 2005).

There are also cholinergic disturbances in depression as
shown by REM sleep generating mechanisms. Indeed, as early
as 1960, Jouvet’s team showed in animals that atropine
(muscarinic blocker) suppressed and eserine (anticholinestera-
sic compound) increased REM sleep (Jouvet and Michel,
1960a,b). This conclusion was reinforced by local infusion of
acetylcholine (Cordeau et al., 1963; Hernandez-Peon et al.,
1963) or cholinomimetics (George et al., 1964). This crucial
function of acetylcholine (see Jouvet, 1975; Jones, 1991, 2004;
Baghdoyan, 1997) was slightly diminished by the later
discovery of a final glutamatergic step in REM sleep generating
processes (Onoe and Sakai, 1995; Datta and Siwek, 1997; Datta
et al., 2001; Sakai and Crochet, 2003). Indeed, kainate infusion
in the peri-locus coeruleus a induced REM sleep even in the
animal under atropine (Onoe and Sakai, 1995; Sakai and
Crochet, 2003). However, in humans, hypersensitivity to
acetylcholine characterizes depression. As a matter of fact,
intravenous injection of physostigmine (an anticholinesterase
compound) (Sitaram et al., 1978a), or arecoline (a cholinergic
agonist) (Sitaram et al., 1978b), decreases REM sleep latency
while scopolamine (a muscarinic blocker) inhibits REM sleep
(Sitaram et al., 1978b). These results observed in normal
subjects are exacerbated in depressive patients, confirming the
supersensitivity of the cholinergic system in this disease.
Moreover, this characteristic persists in patients who have
recovered (Sitaram and Gillin, 1980; Sitaram et al., 1980). This
increased sensitivity (Lauer et al., 1990) seems to be a
biological marker of depression (Sitaram et al., 1982). Another
argument is that inhibitory compounds of monoamine reuptake
bind on cholinergic receptors (Raisman et al., 1979), amitripty-
line having the highest affinity (Stanton et al., 1993), and there
is a relative predominance of central cholinergic tone over
adrenergic tone in affective illness (Risch et al., 1981).
However, later studies showed that although there is sensitivity
to REM sleep induction by arecoline in twins, which suggests a
genetic variation in muscarinic receptors (Numberger et al.,
1983), there is an overlap between normal and depressive
subjects regarding cholinergic supersensitivity (Numberger
et al., 1989). Consequently, the cholinergic criterion is not the
best endophenotype to characterize mood disturbances.

It has to be emphasized that other factors are involved in
both depression and REM sleep disturbances. For example,
intravenous administration of galanin improves depressive
symptoms as tested by the Hamilton depression scale, and
increases REM sleep latency (Murck et al., 2004).

It is necessary to mention the problem of reduced REM sleep
latency in another sleep disorder, namely, narcolepsy. This fact
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was already alluded by Vogel et al. (1966) and clearly described
first by Rechtschaffen et al. (1963), prior to being definitively
established by several groups (Hishikawa and Kaneko, 1965;
Cadilhac et al., 1966; Gastaut et al., 1966; Suzuki, 1966;
Vincent et al., 1966) (for details see Gottesmann, 2001, 2005b).
An animal model of narcolepsy with reduced REM sleep
latency (in fact cataplexy fits) was described in dogs (Foutz
et al., 1979; Kilduff et al., 1986; Aldrich, 1991). Several studies
have shown that the narcoleptic syndrome is characterized by:
(1) an increase of muscarinic receptors in the brainstem
(Kilduff et al., 1986), (2) an increase of a2-receptors in locus
coeruleus (Fruhstorfer et al., 1989), (3) a deficit of hypocretin/
orexin (Thannickal et al., 2000; Overeem et al., 2002). This
peptide has been shown to activate the locus coeruleus (Bourgin
et al., 2000), the silence of which is necessary to REM sleep
occurrence (Hobson et al., 1975; Aston-Jones and Bloom,
1981a). There are some relationships between depression and
narcolepsy since narcoleptic treatments (modafinil) (added to
antidepressive compounds) improve depression symptoms
(DeBastita et al., 2004) and antidepressant withdrawal, in
some cases, induce narcoleptic symptoms although without any
abnormality of the hypocretin/orexin central level (Nissen
et al., 2005). Moreover, in some bipolar disorders, narcoleptic
hallucinations indicate a more severe disease (Douglass, 2003).
Finally, daily amplitude variations of hypocretin/orexin are
lower in depressive patients (3%) than in controls (10%), and
the central level tends to be higher than in normal subjects
(Salomon et al., 2003) -while a decrease of this peptide could be
expected to explain REM sleep pressure. Thus, there are similar
sleep disorders in depression and narcolepsy but only few
shared biological and psychological disturbances. Conse-
quently, REM sleep pressure is not a specific endophenotype
of depression.

Vogel et al. (2000) recently reported the interesting
observation that in rats, several criteria of REM sleep decrease
with ontogenic evolution (tonic REM sleep, phasic REM sleep -
twitches-, mean REM sleep duration and the number of REM
sleep periods), while other criteria increase (REM sleep latency
and the percentage of non-sleep onset REM sleep periods). In
endogenous depression, REM sleep characteristics are the same
as in neonate rats. Thus, states Vogel, «the ontogeny of REM
sleep suggests a developmental process that may be altered in
humans predisposed to endogenous depression, and may
account for the (life-long) REM sleep abnormalities of the
disorder» (p. 453) (Vogel et al., 2000). This could be first
related to disturbances of the circadian clock connected to
genetic disorders (Mansour et al., 2006; Nievergelt et al., 2006).
Although several studies were devoted to sleep genetic support
(Tafti et al., 1999; Cirelli, 2005; Terao et al., 2006), the specific
distal gene(s) support of REM sleep remains open to
discussion, although the cyclic AMP-response element binding
protein (CREB) gene is involved in both REM sleep and in
depression (Zubenko et al., 2003).

Conclusion: The main endophenotype encountered in all
animal behavioral models of depression involves REM sleep
pressure (Overstreet, 1993; Dugovic et al., 2000; Popa et al.,
2005). In humans, it constitutes a vulnerability marker of

depression (Hasler et al., 2004) (although, once again, there
seems to be some overlap with normal subjects (Benson and
Zarcone, 1993)). One of the basic phenomena responsible for
this disorder is, of course, the hypersensitivity of cholinergic
processes. However, although antidepressive compounds have
an anticholinergic influence, mood shifts seem to be mainly
related to a monoaminergic deficit. It is not because
acetylcholine is involved in REM sleep generating processes
and possibly in apoptosis phenomena observed in the anterior
cingulate cortex and hippocampus (Benes et al., 2005), that this
transmitter is very involved in the mood changes characteristic
of depression. As we will later see, although acetylcholine is
obviously crucial for correct mental functioning (Perry et al.,
1999; Sarter and Bruno, 2000), its decrease is involved in
schizophrenic symptoms such as hallucinations (Collerton
et al., 2005). Today, it is not yet clear that the future
identification of the genetic support of rapid eye movement
density and reduced REM sleep latency will be able to offer a
valid explanation for the mood disorders characteristic of
depression.

2.2. Schizophrenia

Behaviorally, a decrease of REM sleep latency in schizo-
phrenia was sometimes described (Feinberg et al., 1964;
Goldman et al., 1996; Lauer et al., 1997) but was also
questioned (Ganguli et al., 1987). Consequently, REM sleep
latency is not a significant specific criterion (endophenotype) to
characterize this disease. A more original finding concerned the
specific absence of REM sleep rebound after REM sleep
deprivation (Zarcone et al., 1969, 1975). However, there are
several significant characteristics shared by REM sleep and
schizophrenia.

2.2.1. Electrophysiology
The classical EEG (0.5–25 c/s) constitutes an initial but not

powerful candidate endophenotype. REM sleep in normal
subjects as well as in psychotics, is characterized by low
amplitude rapid EEG often indissociable from active waking,
thus lacking alpha rhythm. The difference in schizophrenia is
that during waking one observes only a small amount of alpha
rhythm (Stassen et al., 1999). Consequently, waking in
schizophrenic patients and REM sleep in normal subjects
show a similar strongly activated EEG. This already points to a
deficit of habituation processes related to a decrease of
forebrain inhibitory processes in both cases (see below).

A more important phenomenon is shown by the newly
discovered gamma rhythm. This was first identified in vigilant
and motionless cats (Bouyer et al., 1981). It was then described
as being centered on 40 c/s in waking humans and appears to be
reduced in Alzheimer patients (Ribary et al., 1991). Finally, it
was observed during REM sleep in humans (Llinas and Ribary,
1993) and in animals (Franken et al., 1994; Maloney et al.,
1997). An already unexpected finding in humans, there was no
reset of this rhythm during REM sleep by peripheral
stimulations contrary to waking, thus indicating a disconnec-
tion from sensory inputs. Still more importantly, it was
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observed that gamma rhythm, synchronized over the whole
cortex during waking, becomes uncoupled during REM sleep,
particularly between the perceptual areas and the frontal and
prefrontal cortex (Perez-Garci et al., 2001). This was an
additional proof of intracerebral disconnections confirmed by a
loss of gamma rhythm coherence between cortex and
hippocampus (Cantero et al., 2004; Massimini et al., 2005).
This phenomenon needs to be compared with the well-
established intracerebral disturbed connections described in
schizophrenia (Young et al., 1998; Peled et al., 2000; Meyer-
Lindenberg et al., 2001, 2005).

Central responsiveness also shows strong similarities in
REM sleep and schizophrenia. When two identical sensory
stimuli are delivered in humans at 500 ms intervals, the N100

component of the second evoked potential is much lower in
normal subjects. Today, this phenomenon is called prepulse
inhibition. In the past it was simply named the recovery cycle of
responsiveness. In contrast, in schizophrenic patients, the N100

component is not or much less reduced which has to be
interpreted as a deficit in central inhibitory processes. The
surprising fact is that, during REM sleep in psychotics as well
as in controls, the amplitude of the second evoked N100 is not
reduced, associating both kinds of subjects in the same
abnormal disinhibition (Kisley et al., 2003). Another somewhat
related phenomenon concerns the distinction between self- and
external stimulation. In normal subjects, self-stimulation is
dissociated from external stimulation. This is not the case in
schizophrenia. It has very recently been shown that this
distinction also disappears on emerging from REM sleep
dreaming (Blagrove et al., 2006).

It cannot be overlooked that two early electrophysiological
results already heralded the current and probable explanation of
abnormal mentation during REM sleep. First, Evarts (Evarts,
1964; Evarts, 1965) recorded in monkey’s cortical pyramidal
neurons during sleep–waking stages. He observed that during
waking the cells discharged regularly and at a high rate. During
the following slow wave sleep the spikes were less numerous
with less regular distribution, and during REM sleep he
observed very high frequency cell discharges, but in large
bursts of firing alternating with long silences. The author
postulated that during waking the regular firing is the
consequence of frequency-limiting processes involving inhi-
bitory influences which disappear during REM sleep. The
second team, of Demetrescu et al. (Demetrescu et al., 1966),
used a complex paradigm of 4 consecutive evoked potentials
induced at different latencies in the cortex by stimulation of the
lateral geniculate nucleus. Their results showed that during
waking both high rate activating and inhibitory influences act at
cortical level. They both decreased during quiet waking, still
further during slow wave sleep and they were minimal prior to
REM sleep onset. During REM sleep, the activating influences
reappeared while the inhibitory ones remained at their lowest
level. Already, at that time, the present first author pointed out
that the opposition between the activated and controlled cortex
during waking and the activated but disinhibited cortex during
REM sleep could explain the illogical mentation of dreaming
(Gottesmann, 1967b, 1970, 1971).

The first experiment associating electrophysiology and
neurochemistry was performed by McGinty et al. (McGinty
et al., 1974;McGinty and Harper, 1976). These authors recorded
the neurons of themesencephalic dorsal raphe nucleuswhich is a
serotonergic structure (Dahlstrom and Fuxe, 1964). These
neurons fired at highest rate during waking although the
frequency of dischargeswas low. These neurones decreased their
firing rate during slowwave sleep and became silent duringREM
sleep. The same phenomenon was described a year later for the
noradrenergic neurons of the pontine locus coeruleus nucleus
(Hobsonet al., 1975;Aston-Jones andBloom, 1981a).Moreover,
it was shown that these neurons begin to fire again in the few
second preceding arousal (Aston-Jones and Bloom, 1981a).
These two kinds of neurons send axon terminals to the whole
cortex (DahlstromandFuxe, 1964; Fuxe, 1965; Fuxe et al., 1968)
where these monoamines are mainly released not at synaptic
level, but diffusely at varicosity level (Descarries et al., 1975,
1977) with a resulting somewhat long-duration (tonic) influence,
because of the absence of immediate elimination by synaptic
reuptake or enzyme destruction. The important fact is that these
two neuromodulators mainly inhibit cortical neurons (Krnjevic
and Phillis, 1963; Frederickson et al., 1971; Nelson et al., 1973;
Foote et al., 1975; Reader et al., 1979; Araneda and Andrade,
1991;Manunta andEdeline, 1999).However, paradoxically, they
increase the signal-to-noise ratio of neuron functioning thus
increasing their efficiency (Foote et al., 1975; Aston-Jones and
Bloom, 1981b; McCormick, 1992). Consequently, their silence
during REM sleep induces a general disinhibition process and a
loss of the control of cortex functioning. It should be stressed that
schizophrenia is also characterized by a deficit of serotonin
(Silver et al., 2000; Van Hes et al., 2003) and noradrenaline
(Friedman et al., 1999; Linner et al., 2002), and new neuroleptics
are characterized by inhibition of the reuptake of both
neuromodulators. Finally, the fact that the noradrenergic neurons
(perhaps also the serotonergic ones?) fire again already prior to
behavioral arousal, could favor the forgetting of dreams. Freud
(Freud, 1900) wrote about psychological censorship and
compared the memory forgetting processes with the child’s
game involving a «mystic writing-pad» (Freud, 1925). In fact, it
seems rather that this (at least) noradrenergic early reappearance
rather constitutes a physiological censorship (Gottesmann,
2006a,b) with the psychological consequence of avoiding an
overload of irrational mental contents on waking (Crick and
Michison, 1983). When this waking protection process fails,
holographic-like dream pictures generated by biophotons erupt
into the waking consciousness (Bokkon, 2005) and a door opens
onto schizophrenia in predisposed subjects with the possible
integration of hallucinatory dreaming activity in the functioning
of the waking mind (Kelly, 1998).

2.2.2. Tomography
Blood flow studies have shown that the main forebrain

structures involved in mentation are strongly activated during
REM sleep (Madsen et al., 1991; Maquet et al., 1996; Braun
et al., 1997, 1998; Maquet, 2000) and several limbic structures
involved in affective processes are even more activated than
duringwaking (Maquet et al., 1996; Nofzinger et al., 1997). This
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can explain the affective involvement in dreams, particularly
since the amygdala is strongly activated in REM sleep (Maquet
and Franck, 1997). However, the frontal cortex (Madsen et al.,
1991) and particularly the dorsolateral prefrontal and the
posterior cingular cortex are deactivated during REM sleep
(Maquet et al., 1996;Braun et al., 1997) (although there is a slight
discrepancy in that there seems to be an increase of glucose
utilization in the dorsolateral prefrontal cortex (Nofzinger et al.,
1997)). It is of importance that the dorsolateral prefrontal cortex
is also specifically deactivated in schizophrenia, particularly
when cognitive performances are decreased (Weinberger et al.,
1986; Fletcher et al., 1998). There is also a decrease of glucose
uptake (Buschbaum et al., 1982). In addition, it is of interest that
joint deactivation of dorsolateral and posterior cingular cortex
was up to now observed only in piano playing, particularly when
the musicians «lose themselves» when completely absorbed in
intense performances (Parsons et al., 2005) (for example, is it
allowed to think of Glenn Gould playing J.S. Bach, particularly
the last recorded performance of Goldberg variations?). This
behavior, during which the artist is in a transe-like state shows
some resemblance to dreaming and schizophrenia where there is
a loss of contact with reality.

However, another important structure is deactivated. Indeed,
while the visual associative areas are activated during REM
sleep particularly at the commencement of the ventral stream,
which certainly contributes to the rich visual hallucinatory
activity (Madsen et al., 1991; Braun et al., 1998), the primary
visual area is deactivated (Braun et al., 1998). This is an index
of disconnection from sensory inputs which is reinforced by the
finding in animals of a presynaptic depolarization (Wall, 1958)
in the thalamic relay nuclei, which is another cause of inhibition
of sensory inputs (Iwama et al., 1966; Dagnino et al., 1969;
Ghelarducci et al., 1970; Steriade, 1970; Gandolfo et al., 1980).
In schizophrenia, one of the current hypotheses to explain the
hallucinatory activity also involves lowering of sensory
constraints (Behrendt and Young, 2005). Finally, this sensory
disconnection could also explain the increased threshold to pain
during psychotic episodes (Griffin and Tyrrell, 2003).

2.2.3. Pharmacology and neurochemistry
There are two main hypotheses related to schizophrenia

involving disturbances of dopamine and glutamate, more
generally suggesting a glutamate-monoamine imbalance (Pra-
long et al., 2002).

First, dopamine involvement. In nucleus accumbens, an
excess of this neuromodulator is considered to be at least partly
responsible for the positive symptoms (hallucinations, delu-
sions, bizarre thought processes) (MacKay et al., 1982). On the
other hand, a deficit in the prefrontal cortex is thought to cause
the negative symptoms, among them the decrease or loss of
reflectiveness (Abi-Dargham and Moore, 2003). Both kinds of
symptoms are also observed in REM sleep. While dopamine
agonists such as amphetamine induce both psychotic dis-
turbances (Buffenstein et al., 1999) and nightmares (Thompson
and Pierce, 1999), neuroleptics, which block the action of
dopamine, suppress psychotic symptoms and dreaming,
particularly nightmares (Solms, 2000; Jakovljevic et al., 2003).

Using microdialysis and capillary electrophoresis, our
laboratory studied the release of dopamine in the medial
prefrontal cortex and nucleus accumbens of rats. In the latter
structure dopamine release was maximal during REM sleep,
although the difference was not significant when compared to
waking (Léna et al., 2005), which is in general accordance with
schizophrenia (MacKay et al., 1982). This significant release of
dopamine could be related firstly to the fact that the
dopaminergic neurons are the only monoaminergic neurons
which continue to discharge during REM sleep (Miller et al.,
1983; Trulson and Preussler, 1984), and that they could
discharge by spike bursts (Grace, 1991) which release more
dopamine (Gonon, 1988; Chergui et al., 1994). Our result is in
accordance with the increase of dopaminergic neuron c-Fos
activity in the ventral tegmental area during REM sleep
(Maloney et al., 2002). In addition, prefrontal deactivation
favors dopamine release in nucleus accumbens (Brake et al.,
2000; Takahata andMoghaddam, 2000; Jackson et al., 2001). In
the prefrontal cortex there was a significant decrease during
REM sleep as compared to waking, which is exactly the
situation with schizophrenia as perceived today (Abi-Dargham
and Moore, 2003). This decrease also seems to be related to
prefrontal deactivation (Takahata and Moghaddam, 2000) and
could explain the loss of reflectiveness during dreaming.
Finally, this decrease of dopamine release during REM sleep is
in accordance with the putative inverted u-shaped curve that
links prefrontal dopamine stimulation of D1 receptors and
appropriate cognitive functioning (Meyer-Lindenberg and
Weinberger, 2006).

The second hypothesis postulates a deficit of glutamate
functioning. Indeed, these neurotransmitter antagonists induce
psychotic symptoms (Grace, 2000; Heresco-Levy, 2000) while
also generating vivid dreaming (Reeves et al., 2001). A
glutamate deficit in nucleus accumbens seems to result from the
lowering of hippocampus glutamatergic output which inhibits
its prefrontal release in nucleus accumbens (Grace, 2000).
Hence, the glutamatergic influence of medial nucleus of
amygdala could predominate generating disturbances of
emotional processes. This occurs in schizophrenia as well as
during dreaming because of strong amygdala activation during
this sleep stage (Maquet and Franck, 1997).

We measured glutamate concentration in both structures
(Léna et al., 2005). In nucleus accumbens, the level was
significantly lower during REM sleep as compared to waking,
exactly as is thought to be the case in schizophrenia. In the
prefrontal cortex we found no change during sleep–waking
stages. This result is crucial since it has been reported that there
is no change of glutamate transporter mRNA expression in
schizophrenic patients (Lauriat et al., 2005). However, at both
levels, there could be a weakening of glutamate synaptic
strength and synaptic destabilization by glial disfunctioning
(Moises et al., 2002).

In addition we tested noradrenaline release. In the prefrontal
cortex, this neuromodulator is issued from neurons located in
the locus coeruleus. There was a significant decrease of
noradrenaline during REM sleep as compared to waking and
slow wave sleep. It is interesting to notice that there was
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maintenance of a given level in spite of the silence of
corresponding neurons. This is certainly the result of its diffuse
release (Descarries et al., 1977). In nucleus accumbens,
noradrenaline is mainly issued from the medulla oblongata and
only slightly from locus coeruleus (Delfs et al., 1998).
However, the concentration was, here again, significantly
lower during REM sleep. Once again, there is a noradrenaline
deficit in schizophrenia (see above) and this neuromodulator
facilitates cognitive processes (Lapiz and Morilak, 2005). We
already emphasized the serotonergic silence during REM sleep
and its deficit in schizophrenia. Serotonergic antagonists like
LSD 25 induce psychotic symptoms, while decreasing
serotonergic neuron firing (Aghajanian et al., 1968), and
increase REM sleep (Toyoda, 1964; Muzio et al., 1966).

Acetylcholine is another major neurotransmitter. Its
functioning at cortical level is crucial for normal cognitive
processes (Perry et al., 1999; Sarter and Bruno, 2000). A
decrease in concentration of acetylcholine is considered to
underlie the occurrence of hallucinatory activity during waking
(Collerton et al., 2005) and there is a decrease of muscarinic
receptors in the cortex of untreated schizophrenic patients
(Raedler et al., 2003). Finally, a-7 agonists of the nicotinic
receptor provide a potential treatment for the P50 suppression
deficit (Olincy et al., 2006) observed in schizophrenic patients
and their relatives (Siegel et al., 1984; Clementz et al., 1998;
Braff et al., 2007), and there is improvement of both psychiatric
symptoms and P50 inhibition after clozapine (Nagamoto et al.,
1999) which increases acetylcholine efflux in the prefrontal
cortex (Huang et al., 2006). During REM sleep, the cortical
release of acetylcholine has long been shown to be high (Jasper
and Tessier, 1971). However, more recent research demon-
strated that, although in nucleus basalis which projects on the
cortex the release is highest during REM sleep (Vasquez and
Baghdoyan, 2001), in the cortex the release is lower as
compared to active waking, reaching only the level of relaxed
waking (Marrosu et al., 1995). This decrease could also
contribute to the occurrence of hallucinatory activity during
dreaming.

Conclusion: All the electrophysiological, tomographic,
pharmacological and neurochemical characteristics of REM
sleep are specifically encountered in schizophrenia and
constitute candidates endophenotypes of this disease. Conse-
quently, REM sleep and its architecture could become a worthy
neurobiological model of this mental disorder.

Several neurological diseases show a decrease of REM
sleep. However, apart from manic episodes, which are
characterized by global insomnia, there are mental diseases
where there is a more specific deficit of REM sleep, namely
disorders with insufficient cognitive functions.

2.3. Mental retardation and dementia

Although mental retardation («oligophrenia») is a con-
genital deficit of cognitive potentialities and dementia a later
regression of these abilities, these two disorders can be
considered in the same paper. REM sleep occurs with high
amounts during childhood (Muzio et al., 1966), and its

suppression in animals impairs learning and memory (Henne-
vin et al., 1995; Smith, 1995). Jouvet advanced the hypothesis
that, just as computer programs have to be periodically
adjusted, the genetic programming of behavior is reset during
REM sleep and that this sleep stage deficit induces
disfunctioning of the intellectual faculties (Jouvet, 1992). It
has been shown that mental retardation, whatever its etiology, is
characterized by a decrease of REM sleep with less eye
movement density and an increase of the «intermediate phase»
(Grubar, 1983) described by several authors (Goldsteinas and
Lairy, 1965; Goldsteinas et al., 1966; Lairy et al., 1968). This
stage, usually of short duration (1–5% of total sleep)
(Goldsteinas et al., 1966), gives rise to the association of
cortical spindles and K complexes characteristic of slow wave
sleep, which are interspersed with more or less long periods of
flat EEG. There are no eye movements. Lairy also considered
that this intermediate phase corresponded to 20 s without eye
movements at onset and outcome of REM sleep (Lairy et al.,
1968). A particular mental activity occurs during this stage. It is
not visual, and the mental content, which is difficult to obtain at
arousal in spite of behavioral waking because of the difficulty in
establishing contact, is associated with a «feeling of indefinable
discomfort, anxious perplexity and harrowing worry» (p. 269)
(Lairy et al., 1968). Other authors (Larson and Foulkes, 1969)
reported that, in this sleep period mental contents are
«inconsistent with the hypothesis of an intensification of
mental activity or cerebral vigilance at pre-REM EMG
suppression» (p 552). These early data, which have so far
not been repeated, already contradicted the hypothesis of
Steriade (Steriade et al., 1989), suggesting that vivid dreams
should occur during this sleep period because of high amplitude
isolated ponto-geniculo-occipital (P.G.O.) spikes occurring in
cats and corresponding to phasic central activation of the cortex
(Kiyono and Iwama, 1965; Satoh, 1971). In addition, in humans
the peripheral vegetative characteristics of this stage were those
of slow wave sleep (stages II and III) except for the
electrodermogram which was often abolished as during
REM sleep (Hawkins et al., 1962; Tokizane, 1964; Broughton
et al., 1965; Johnson and Lubin, 1966). In mental retardation,
this intermediate phase was extended at the expense of REM
sleep. The significance of these disturbances is perhaps to be
found in animal research. Indeed, independently from this
human clinical finding, an «intermediate stage» had been
shown in rats prior to REM sleep (Gottesmann, 1964, 1967b;
Weiss and Adey, 1965; Depoortere and Loew, 1973; Gaillard
et al., 1977; Lancel et al., 1996). This stage is characterized by
high amplitude spindles in the frontal cortex, an index of deep
slow wave sleep, and by low frequency theta rhythm in the
dorsal hippocampus, an index of REM sleep. It was later
identified in cats (Gottesmann et al., 1984) and mice (Glin et al.,
1991). Interestingly, it is reproduced in rats (Gottesmann et al.,
1980) and cats (Gottesmann et al., 1984) by an acute
intercollicular transection (cerveau isolé preparation of Bremer
(Bremer, 1935)) which, during several hours, induces
continuous high ampitude cortical spindles and low frequency
theta rhythm. This transitional stage would therefore seem to
correspond to a transient physiological disconnection of the
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forebrain from the brainstem. This conclusion is strengthened
by the fact that thalamocortical responsiveness during the
intermediate stage is the lowest of all sleep–waking stages
(Gandolfo et al., 1980; Gottesmann et al., 1984). In fact, during
the intermediate stage, the brainstem influences are not totally
suppressed since the cortical neurons begin already to increase
their firing prior to REM sleep (McCarley and Hobson, 1971a),
but this cell slight activation is too low to modify the EEG field
activities. Finally, this sleep period is suppressed by low doses
of barbiturates which induce a long-lasting intermediate stage
at the expense of REM sleep (Gottesmann, 1964; Gottesmann
et al., 1984), while suppressing the pontine activation which is
nearly specific of REM sleep (Gottesmann, 1967a,b, 1969;
McCarley and Hobson, 1971b; Moroz et al., 1977; Vertes,
1977) (for synthesis see Gottesmann, 1996). Thus, in mental
retardation there is a disturbance of basic REM sleep generating
processes and of simultaneous brainstem ascending activating
and inhibitory influences crucial for cognitive processes.

Similarly, REM sleep is lower in Alzheimer patients who
manifest degeneration of the cholinergic system of the brain
(Christos, 1993). Animal models of this disease show reduced
REM sleep amounts and neuron disturbances in the brainstem
structures involved in REM sleep-generating processes (ped-
unculopontine nucleus) (Zhang et al., 2005). Moreover,
acetylcholine involvement in both REM sleep and cognition
has been confirmed by two recent studies which have shown in
Alzheimer patients that donepezil (an anticholinesterase
compound) increases REM sleep, reduces EEG slow frequencies
while increasing waking alpha rhythm, and tends to improve
cognitive functions (Mizuno et al., 2004; Moraes et al., 2006).

Conclusion: REM sleep deficit in young people and the
elderly seems to be an endophenotype of mental retardation and
dementia, although this characteristic has to be considered with
caution since both diseases may stem from different etiologies.
The mesopontine cholinergic nuclei (pedunculopontine and
dorsolateral tegmental nuclei), in addition to controlling basic
REM sleep-generating processes, project to forebrain nucleus
basalis the cholinergic neurons of which activate the cortex, and
the importance of acetylcholine for mentation was already
underlined (Perry et al., 1999; Sarter and Bruno, 2000).

3. General conclusion

The sleep–waking cycle is a fundamental biological rhythm
since all types of behavior (feeding, sexual, social) are grafted
upon it. It is rather unexpected that the old phylogenetic
structures of the brainstem should sustain the forebrain
structures responsible for generating higher integrated activities
such as waking and sleep mentation.

This paper shows that, although increased rapid eye
movement density and decreased REM sleep latency are
systematically associated with depression, the connection with
mental disturbances characteristic of depression is rather
tenuous. Consequently, identification of the genic support of
these REM sleep disturbances will not necessarily contribute to
a significantly better understanding of the ultimate mechanisms
of mood disturbances.

In contrast, the main electrophysiological, tomographic,
pharmacological and neurochemical characteristics of REM
sleep are also encountered in schizophrenia and this sleep stage
could be adopted as a new component in a neurobiological
model of this mental disease. This finding is of particular
interest since it is based on physiological criteria, without the
usual central applied stimulations, lesions or drugs. The
discovery of the gene(s) of each of these REM sleep activities
could greatly help to identify the abnormalities underlying
schizophrenia and assist in the development of appropriate
therapies.

From the clinical standpoint, Kant expressed very clearly
how the schizophrenic characteristics of REM sleep mentation
erupt into waking consciousness (and a recent animal study
confirmed that REM sleep patterns can appear in the waking
state during hyperdopaminergic functioning (Dzirasa et al.,
2006)). The fact that, during waking, the forebrain structures
are in a physiological state of REM sleep could be explained to
the patients outside the psychotic episodes. Indeed, the
description of this brain functioning abnormality would
probably relieve the subject’s stress by reducing the emotional
charge linked to the disturbances (Griffin and Tyrrell, 2003).
Such a psychotherapeutic approach, together with pharmaco-
logical treatment, could contribute to fuller recovery.

Finally, a fuller understanding of genetic disturbances
responsible for the so-far identified neonate (Zhang et al., 2005)
or later cholinergic neuron apoptosis could open up a new
domain for the treatment of cognitive disorders of young people
and for the growing number of patients suffering from
Alzheimer’s disease.

Consequently, REM sleep neurobiological characteristics
represent an unexpected and original set of highly significant
endophenotypes of mental diseases, and notably of schizo-
phrenia. Elucidation of each of their genic supports in animal
models (Gould and Gottesman, 2006) offers a highly promising
avenue of research into early treatment of mental disorders.
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cours du sommeil désynchronisé chez le Chat. C.R. Soc. Biol. 158, 2131–

2135.

Hobson, J.A., McCarley, R.W., Wyzinski, P.W., 1975. Sleep cycle oscillation:

reciprocal discharge by two brainstem neuronal groups. Science 189, 55–58.
Huang, M., Li, Z., Ichikawa, J., Dai, J., Meltzer, H.Y., 2006. Effects

of divalproex and atypical antipsychotic drugs on dopamine and acetylcho-

line efflux in rat hippocampus and prefrontal cortex. Brain Res. 1099,

44–55.
Ising, M., Kunzel, H.E., Binder, E.B., Nickel, T., Modell, S., Holsboer, F., 2005.

The combined dexamethasone/CRH test as a potential surrogate marker of

depression. Prog. Neuropsychopharmacol. Biol. Psychiat. 29, 1085–1093.
Iwama, K., Kawamoto, T., Sakkakura, H., Kasamatsu, T., 1966. Responsiveness

of cat lateral geniculate at pre- and postsynaptic levels during natural sleep.

Physiol. Behav. 1, 45–53.

Jackson, M.E., Frost, A.S., Moghaddam, B., 2001. Stimulation of prefrontal
cortex at physiologically relevant frequencies inhibits dopamine release in

nucleus accumbens. J. Neurochem. 78, 920–923.

Jakovljevic, M., Sagud, M., Mihaljevic-Peles, A., 2003. Olanzapine in the

treatment-resistant, combat-related PTSD—a series of case reports. Acta
Psychiat. Scand. 107, 394–396.

Jasper, H.H., Tessier, J., 1971. Acetylcholine liberation from cerebral cortex

during paradoxical (REM sleep). Science 172, 601–602.

Johnson, L.C., Lubin, A., 1966. Spontaneous electrodermal activity during
waking and sleeping. Psychophysiology 3, 8–17.

Jones, B.E., 1991. Paradoxical sleep and its chemical/structural substrates in the

brain. Neuroscience 40, 637–656.
Jones, B.E., 2004. Paradoxical sleep promoting and permitting neural networks.

Arch. Ital. Biol. 142, 379–396.

Jouvet, M., 1975. Cholinergic mechanisms and sleep. In: Waser, P.G. (Ed.),

Cholinergic Mechanisms. Raven Press, New York, pp. 455–476.
Jouvet, M., 1992. Le sommeil et le rêve. Jacob, Paris, 220.
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Jouvet, M., Michel, F., 1960a. Déclenchement de la ‘‘phase paradoxale’’ du

sommeil par stimulation du tronc cérébral chez le Chat intact et mésencé-
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Léna, I., Parrot, S., Deschaux, O., Muffat, S., Sauvinet, V., Renaud, B., Suaud-

Chagny, M.F., Gottesmann, C., 2005. Variations in the extracellular levels of
dopamine, noradrenaline, glutamate and aspartate across the sleep–wake

cycle in the medial prefrontal cortex and nucleus accumbens of freely

moving rats. J. Neurosci. Res. 81, 891–899.

Linner, L., Wiker, C., Wadenberg, M.L., Schalling, M., Svensson, T.H., 2002.
Noradrenaline reuptake inhibition enhances the antipsychotic-like effect of

raclopride and potentiates D2-blockade-induced dopamine release in the

medial prefrontal cortex of the rat. Neuropsychpharmacology 27, 691–698.

Llinas, R., Ribary, U., 1993. Coherent 40 Hz oscillation characterizes dream
state in humans. Proc. Natl. Acad. Sci. USA 90, 2078–2081.

Loomer, H.P., Saunders, J.C., Kline, N.S., 1957. A clinical and pharmacody-

namic evaluation of iproniazid as a psychic energizer. In: Affects, D.A.
(Ed.), Proceedings of the Psychiatric Research reports, New York. Am.

Psychiat. Assoc., 8, pp. 129–141.

MacKay, A.V., Iversen, L.L., Rossor, M., Spokes, E., Bird, E., Arregui, A.,

Snyder, S., 1982. Increased brain dopamine and dopamine receptors in
schizophrenia. Arch. Gen. Psychiat. 39, 991–997.

Madsen, P.L., Holm, S., Vorstrup, S., Friberg, L., Lassen, N.A., Wildschiodtz,

G., 1991. Human regional cerebral blood flow during rapid-eye-movement

sleep. J. Cerbr. Blood Flow Met. 11, 502–507.
Mallick, B.N., Majumdar, S., Faisal, M., Yadav, V., Madan, V., Pal, D., 2002.

Role of norepinephrine in the regulation of rapid eye movement sleep. J.

Biosci. 27, 539–551.

Mallick, B.N., Singh, S., Pal, D., 2005. Role of alpha and beta adrenoceptors in
locus coeruleus stimulation-induced reduction in rapid eye movement sleep

in freely moving rats. Behav. Brain Res. 158, 9–21.

Maloney, K.J., Cape, E.G., Gotman, J., Jones, B.E., 1997. High-frequency-
electroencephalogram activity in association with sleep–wake states and

spontaneous behaviors in the rat. Neuroscience 76, 541–555.

Maloney, K.J., Mainville, L., Jones, B.E., 2002. c-Fos expression in dopa-

minergic and GABAergic neurons of the ventral mesencephalic tegmen-
tum oafter paradoxical sleep deprivation and recovery. Eur. J. Neurosci.

15, 774–778.

Mansour, H.A., Wood, J., Logue, T., Chowdari, K.V., Dayal, M., Kupfer, D.J.,

Monk, T.H., Devlin, B., Nimgaonkar, V.L., 2006. Association study of eight
circadian genes with bipolar I disorder, schizoaffective disorder and schizo-

phrenia. Genes Brain Behav..

Manunta, Y., Edeline, J.M., 1999. Effects of noradrenaline on frequency tuning
of auditory cortex neurons during wakefulness and slow wave sleep. Eur. J.

Neurosci. 11, 2134–2150.

Maquet, P., 2000. Functional neuroimaging of normal sleep by positon emission

tomography. J. Sleep Res. 9, 207–231.

Maquet, P., Franck, G., 1997. REM sleep and amygdala. Mol. Psychiat. 2, 195–
196.

Maquet, P., Peters, J.M., Aerts, J., Delfiore, G., Degueldre, C., Luxen, A.,

Franck, G., 1996. Functional neuroanatomy of human rapid-eye-movement

sleep and dreaming. Nature 383, 163–166.
Marrosu, F., Portas, C., Mascia, M.F., Casu, M.A., Fa, M., Giagheddu, M.,

Imperato, A., gessa, G.L., 1995. Microdialysis measurement of cortical and

hippocampal acetylcholine release during sleep–wake cycle in freely

moving cats. Brain Res. 671, 329–332.
Massimini, M., Ferrarelli, F., Huber, R., Esser, S.K., Singh, H., Tononi, G.,

2005. Breakdown of cortical effective connectivity during sleep. Science

309, 2228–2232.
McCarley, R.W., Hobson, J.A., 1971a. Single neuron activity in desynchronized

sleep. Science 167, 901–903.

McCarley, R.W., Hobson, J.A., 1971b. Single neuron activity in giganto cellular

tegmental field: selectivity of discharge in desynchronized sleep. Science
174, 1250–1252.

McCarley, R.W., Winkelman, J.W., Duffy, F.H., 1983. Human cerebral poten-

tials associated with REM sleep rapid eye movements: links to PGO waves

and waking potentials. Brain Res. 274, 359–364.
McCormick, D.A., 1992. Neurotransmitter actions in the thalamus and cerebral

cortex and their role in neuromodulation of thalamocortical activity. Prog.

Neurobiol. 39, 337–388.

McGinty, D.J., Harper, R.M., 1976. Dorsal raphe neurons: depression of firing
during sleep in cats. Brain Res. 101, 569–575.

McGinty, D.J., Harper, R.M., Fairbanks, M.K., 1974. Neuronal unit activity and

the control of sleep states. In: Weitzman, E.D. (Ed.), Advances in Sleep
Research, vol. 1. Spectrum, New York, pp. 173–216.

Meyer-Lindenberg, A., Olsen, R.K., Kohn, P.D., Brown, T., Egan, M.F.,

Weinberber, D.R., Berman, K.F., 2005. Regionally specific disturbance

of dorsolateral prefrontal-hippocampal function connectivity in schizophre-
nia. Arch. Gen. Psychiat. 62, 379–386.

Meyer-Lindenberg, A., Poline, J.B., Kohn, P.D., Holt, J.L., Egan, M.F., Wein-

berger, D.R., Berman, K.F., 2001. Evidence for abnormal cortical functional

connectivity during working memory in schizophrenia. Am. J. Psychiat.
158, 1809–1817.

Meyer-Lindenberg, A., Weinberger, D.R., 2006. Intermediate phenotypes

and genetic mechanisms of psychiatric disorders. Nat. Rev. Neurosci. 7,
818–827.

Michel, F., Jeannerod, M., Mouret, J., Rechtschaffen, A., Jouvet, M., 1964. Sur
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