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COMMENTARY

GABA MECHANISMS AND SLEEP

CLAUDE GOTTESMANN*
Laboratoire de Psychophysiologie, Faculté des Sciences, Université de Nice-Sophia Antipolis, 06108 Nice Cedex 2, France

Abstract—GABA is the main inhibitory neurotransmitter of the CNS. It is well established that activation of GABAA
receptors favors sleep. Three generations of hypnotics are based on these GABA, receptor-mediated inhibitory processes.
The first and second generation of hypnotics (barbiturates and benzodiazepines respectively) decrease waking, increase
slow-wave sleep and enhance the intermediate stage situated between slow-wave sleep and paradoxical sleep, at the
expense of this last sleep stage. The third generation of hypnotics (imidazopyridines and cyclopyrrolones) act similarly
on waking and slow-wave sleep but the slight decrease of paradoxical sleep during the first hours does not result from an
increase of the intermediate stage. It has been shown that GABAp receptor antagonists increase brain-activated behav-
ioral states (waking and paradoxical sleep: dreaming stage). Recently, a specific GABA( receptor antagonist was syn-
thesized and found by i.c.v. infusion to increase waking at the expense of slow-wave sleep and paradoxical sleep.

Since the sensitivity of GABA¢ receptors for GABA is higher than that of GABAA and GABAg receptors, GABAc
receptor agonists and antagonists, when available for clinical practice, could open up a new era for therapy of troubles
such as insomnia, epilepsy and narcolepsy. They could possibly act at lower doses, with fewer side effects than currently
used drugs. This paper reviews the influence of different kinds of molecules that affect sleep and waking by acting on
GABA receptors.  © 2002 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Insomnia is one of the most frequent complaints
encountered in a doctor’s office. Although it is most
often related to anxiety, it commonly reflects a lack of
central inhibitory processes. Bubnoff and Heidenhain
(1881) seem to have been the first to describe such central
inhibitory processes. They showed that low-intensity
peripheral and cortical stimulations were able to inhibit
cortical stimulation-induced motor activities. For sleep—
waking behavior, it was Hess (1931) who first claimed
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Abbreviations: CACA, cis-4-amino crotonic acid; EEG, electroen-
cephalogram; TPMPA, (1,2,5,6-tetrahydropyridine)-methylphos-
phonic acid.
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that sleep involved inhibitory processes: ‘the essential
mechanism of sleep cannot be explained differently as
by active inhibition of some functions of the organism’.
Although Creutzfeldt et al. (1956) observed true inhibi-
tory phenomena at the cortical cellular level, it was
Evarts et al. (1960) who studied the recovery cycle of
cortical evoked potentials induced by radiation stimula-
tion and demonstrated inhibitory mechanisms during
sleep-waking behavior. From the neurochemical stand-
point, since the pioneering work of Krnjevic et al. (1966),
it has been acknowledged that GABA is the principal
inhibitory transmitter and nowadays it is estimated that
20% at least of brain neurons are GABAergic (Parades
and Agmo, 1992).

The pentameric GABA, ionotropic receptor (Fig. 1,
top) was the first to be identified, with several classes of
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subunits o, B, v, p, 0, m, € and 6: o comprising six
subunits in rats, § four subunits, y three subunits, and
p three subunits (Mohler et al., 1990; Duncan et al.,
1995; Schmid et al., 1995; Barnard et al., 1998; Davies
et al., 2000); the y2 binding site has been shown to com-
prise two variants, Y2L and y2S, which differ by eight
amino acids (Duncan et al., 1995). The GABA, receptor
complex consists of a CI~ ionophore principally coupled
to GABA, barbiturate, benzodiazepine, steroid, and pic-
rotoxin binding sites (McDonald and Olsen, 1994).
GABA'’s influence on its own binding site has been
most often studied by the antagonist bicuculline and
the agonist muscimol (Sieghart, 1995). However, many
compounds binding to other sites have given rise to
numerous studies on sleep. The second receptor to be
identified was the GABAjy receptor (Hill and Bowery,
1981) which is coupled to Ca’* and K* ion channels
and functions by a metabotropic pathway with a second
messenger. The affinity of GABA to GABAg receptors is
lower than for GABA, receptors (Chu et al., 1990). This
receptor was first blocked by phaclofen and the agonist
most often used is baclofen. The modulation of this
receptor has given rise to only a few studies on sleep.
The third receptor identified is that for GABA( (Fig. 1,
bottom). Indeed, as early as 1975 (Johnston et al., 1975)
and again later (Parades and Agmo, 1992), it appeared
that some GABA analogues acted on bicuculline- and
baclofen-insensitive receptors. These GABA( receptors
(Drew et al., 1984) were first observed at the retinal
level (Feigenspan et al., 1993; Quian and Dowling,
1994), then at the central brain level (Bormann and
Feigenspan, 1995; Boue-Grabot et al., 2000). This recep-
tor comprises a ClI™ ionophore and several subunits (p1,
p2, p3) (Ogurusu et al., 1997). It is also more sensitive to
GABA than the GABA, receptor and its desensitization
is also different (Quian and Dowling, 1994): ‘while the
amplitude of GABAA receptor-mediated currents
decreases notably in the presence of agonists, the time-
course of GABA( receptor responses is more sustained’
(Bormann and Feigenspan, 1995).

Up to now, insomnia has been principally treated by
compounds acting at the GABA4 receptor level. I pro-
pose to analyze the function of the different kind of
GABA receptors and their clinical potentialities.

GABA, RECEPTOR COMPLEX
GABA, binding site

The function of the GABA receptor binding site is to
open a chloride channel. Some time ago it was shown
that the global central increase of GABA by i.c.v. infu-
sion of GABA or inhibition of GABA transaminase
increased slow-wave sleep and induced a 64% drop of
paradoxical sleep without rebound effect in cats
(Karadzic, 1966; Holmes and Sugden, 1975), and did
not influence the recovery of paradoxical sleep after
selective deprivation in rats (Juan de Mendoza et al.,
1973). In humans it seemed to have no significant influ-
ence on paradoxical sleep but decreased sleep latency
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and the amount of waking (Schneider et al., 1977).
More recent data have established that inhibition of
uptake (Fink-Jensen et al., 1992) has little or no effect
on the duration of sleep stages (Lancel et al., 1998). The
more specific influence of GABA on sleep mechanisms
was principally studied through the action of its agonist
muscimol. Mendelson and Martin (1990) found no influ-
ence on slow-wave sleep and paradoxical sleep in rats.
Lancel et al. (1996a, 1997a) found an increase in both
and the low frequencies of electroencephalogram (EEG)
(2-6 c/s) were increased during slow-wave sleep. A sim-
ilar enhancement of slow-wave activity and the corre-
sponding sleep stage was observed by Lancel (1997) in
rats with another agonist (gaboxadol), the same effect
occurring in humans (Faulhaber et al., 1997). Muscimol
was also used by infusion to identify local structure func-
tions. Injection in the anterior hypothalamus which is
involved in sleep-generating processes (Von Economo,
1928; Nauta, 1946; Sterman and Clemente, 1962;
Bremer, 1973; Szymusiak and McGinty, 1986; Ogawa
and Kawamura, 1988; Sallanon et al., 1989; Cirelli et
al., 1995) produced transient insomnia (Lin et al.,
1989), and recent results have confirmed that anterior
hypothalamic neurons (of the ventrolateral preoptic
nucleus) favoring sleep are GABAergic (Gallopin et al.,
2000). Moreover, it is known that anterior hypothalamic
GABAergic neurons project to the posterior hypothala-
mus (Gritti et al., 1994) and muscimol injection to pos-
terior hypothalamus target neurons which are involved
in the generation of wakefulness (Von Economo, 1928;
Ranson, 1939; Nauta, 1946; McGinty, 1969; Lin et al.,
1999) promoted slow-wave sleep and inhibited paradox-
ical sleep (Lin et al., 1989) even in cats with anterior
hypothalamic lesions (Sallanon et al., 1989). Further-
more, there is an increased release of GABA during
slow-wave sleep in this posterior hypothalamic area
(Nitz and Siegel, 1996). At the brainstem level, muscimol
infusion in the rat pontine reticular formation increases
waking and decreases slow-wave sleep, and the latency of
paradoxical sleep occurrence is prolonged (Camacho-
Arroyo et al., 1991) in such a way that it seems to cor-
respond to a suppression followed by a rebound of this
sleep stage. Similar results were obtained recently in cats
(Xi et al., 1999a), where antisense nucleotide against glu-
tamic acid decarboxylase (when injected in the pons) in-
duces an increase of paradoxical sleep (Xi et al., 1999b).
Other data suggest that brainstem ‘GABAergic neurons
could be responsible for inhibiting ‘paradoxical sleep-on’
neurons during slow-wave sleep and waking and disinhi-
biting them during paradoxical sleep’ (Mallick et al.,
1999; Maloney et al., 2000). All conclusions based on
results with muscimol have to be approached with cau-
tion since this compound is also a GABA¢ receptor ago-
nist (Bormann and Feigenspan, 1995) and, as already
mentioned, the sensitivity of this receptor for GABA is
higher than for the GABAA receptor. Several studies
related to GABA were also undertaken at midbrain
and pontine monoaminergic levels. Nitz and Siegel
(1997a) showed the highest amount of GABA release
during paradoxical sleep in the dorsal raphe nucleus
which contains glutamic acid decarboxylase-labeled neu-
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Fig. 1. Schematic illustration of the GABA, and GABA¢ receptors. (a) The GABAA receptor, which is a Cl~ pore, has

binding sites for barbiturates, benzodiazepines and neurosteroids.

The GABA responses are blocked competitively by bicucul-

line and non-competitively by picrotoxinin. The GABAg receptor agonist baclofen is without effect, like the GABA¢ receptor

agonist, CACA, and antagonist, TPMPA. The vertebrate GABAA receptor is built from several subunits, some examples of

which are shown on the right-hand side. (b) Each subunit comprises four transmembrane domains. (¢) The GABA¢ receptor

is activated by CACA and antagonized by TPMPA. It is blocked by picrotoxinin. It comprises three subunits (see on the

right). Both receptors are modulated intracellularly by protein kinases. Reprinted from Bormann (2000) with permission of
Elsevier.

rons (Ford et al., 1995) and receives afferents from differ-
ent brain levels (Gervasoni et al., 2000). Moreover, the
infusion of muscimol increases the amount of paradox-
ical sleep (Sastre et al., 1996, 1999; Nitz and Siegel,
1997a). The locus coeruleus, which also contains some
GABAergic interneurons (Ijima and Ohtomo, 1988),
receives GABAergic terminals from the medullary pre-
positus hypoglossi nucleus (Ennis and Aston-Jones,
1989). Recent findings show that the highest amount of
GABA occurs in the locus coeruleus during paradoxical
sleep (Nitz and Siegel, 1997b) and that the local infusion
of the GABA receptor antagonist picrotoxin reduces the
duration of paradoxical sleep phases (Kaur et al., 1997).
It is noteworthy that the locus coeruleus and the dorsal
raphe nucleus have been shown to be permissive struc-
tures for paradoxical sleep appearance (Hobson et al.,
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1975). However, partial results involving only few cells
show that neurons of the locus coeruleus are able to fire
without suppressing paradoxical sleep (Gervasoni et al.,
1998) as can dorsal raphe nucleus neurons in the normal
animal (Gervasoni et al., 2000) or in the cat with aboli-
tion of paradoxical sleep atonia (by pontine lesions)
(Trulson et al., 1981). These data strongly suggest that
the GABAergic inhibition of one of these neuron areas is
sufficient for the appearance of this sleep stage. It should
be noted that, for the raphe nucleus, the inhibition of
serotonergic neuron firing during paradoxical sleep could
be partly consecutive to disfacilitation of serotonergic
neurons (Levine and Jacobs, 1992; Sakai and Crochet,
2000). At the level of the medulla itself, which plays an
important role in processes inducing slow-wave sleep
(Batini et al., 1958; Magnes et al., 1961; Bonvallet and
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Allen, 1963) and paradoxical sleep (Webster et al., 1986;
Vanni-Mercier et al., 1991; Gottesmann et al., 1995;
Jouvet et al., 1995), there are GABAergic interneurons.
These ‘could .. be responsible for the inhibition of para-
doxical sleep-off cells presumed to be in part serotonergic
or (indirectly for) the disinhibition of paradoxical sleep-
on cells, presumed to be in part cholinergic’ (Holmes et
al., 1994; Holmes and Jones, 1994).

Barbiturate binding site

Barbiturates stimulate ol and B1 sites and favor the
binding of GABA. ‘At higher doses, barbiturate mole-
cules can activate the chloride channel directly, in the
absence of GABA’ (Mohler, 1992). Barbiturates (synthe-
sized in 1862) have long been known to induce sleep and
they have had clinical applications since 1903. They pro-
mote slow-wave sleep and inhibit paradoxical sleep (with
a rebound effect) (Oswald, 1968). However, in rats
(Gottesmann, 1964, 1996) and cats (Gottesmann et al.,
1995; Gottesmann, 1996) these first-generation hyp-
notics, at low and medium doses, massively extend the
‘intermediate stage’ (Gottesmann, 1967, 1972), the turn-
ing point at the junction of slow-wave sleep and para-
doxical sleep. This stage, also identified in mice (Glin et
al.,, 1991), is characterized by high-amplitude cortical
spindles and a low-frequency hippocampal theta rhythm.
Several arguments suggest that it corresponds to a tran-
sient disconnection of the forebrain from the brainstem,
thus constituting a physiological cerveau isolé stage
(Bremer, 1935). Indeed, the thalamic responsiveness
which is controlled by midbrain facilitating influences
(Dumont and Dell, 1958; Steriade, 1970) is the lowest
of all sleep—waking stages (Gandolfo et al., 1980) and
intercollicular transections induce a continuous inter-
mediate stage in rats (Gottesmann et al., 1980) and
cats (Gottesmann et al., 1984). Finally, barbiturates sup-
press pontine activation responsible for the central and
peripheral  characteristics of  paradoxical sleep
(Gottesmann, 1967, 1969, 1996). Consequently, stimula-
tion of the barbiturate binding site inhibits the midbrain
as well as the pontine and mesopontine reticular core
responsible for waking (Moruzzi and Magoun, 1949;
Steriade, 1996) and paradoxical sleep (Jouvet and
Mounier, 1960; Sakai, 1988; Datta and Siwek, 1997)
respectively.

Benzodiazepine binding site

In 1971 the era of benzodiazepines came fully into
being with flurazepam (Mitler, 2000). The binding site
of benzodiazepines on the GABA, receptor complex ‘is
distinct, but is nonetheless functionally coupled with the
GABA, binding site and they regulate each other in an
allosteric manner. Benzodiazepine agonists enhance the
affinity of GABA for its receptor and hence its inhibitory
function. Similarly, GABA (or GABA4 receptor ago-
nists, like muscimol) increases the affinity of benzodiaze-
pine agonists for their receptor’ (Sadzot and Frost,
1990). However, it is worth mentioning two studies
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which show that there is no potentiation of sleep by
stimulation of the GABA, and benzodiazepine binding
sites (Mendelson and Martin, 1990; Lancel et al., 1997a).
The stimulation of the benzodiazepine binding site pro-
motes slow-wave sleep in humans, particularly stage 1T
(with spindle enhancement) at the expense of stages III
and IV, and inhibits paradoxical sleep (and its eye move-
ments) (Gaillard et al., 1973; Monti and Altier, 1973;
Borbely et al., 1985; Mendelson and Martin, 1990;
Lancel et al., 1996a). In animals most benzodiazepines,
like barbiturates, increase the intermediate stage and
decrease or suppress paradoxical sleep (Gandolfo et al.,
1994), except for midazolam which increases both the
intermediate stage and paradoxical sleep in rats at 1
and 3 mg/kg injected i.p. (Gandolfo et al., 1994) and
increases paradoxical sleep in rabbits at 1 mg/kg injected
1.v. (Scherschlicht and Marias, 1983), while Lancel et al.
(1996a) found a decrease of paradoxical sleep at 3 mg/kg
1.p. in rats. At the central level, benzodiazepines injected
in the dorsal raphe nucleus increase waking (Mendelson
et al., 1987); this result recalls the insomnia induced by
raphe nucleus lesion in cats (Jouvet and Renault, 1966).

New-generation hypnotics

The third generation of sedative-hypnotic compounds
comprises principally the imidazopyridines (zolpidem)
and the cyclopyrrolones (zopiclone) which also bind to
the GABA, receptor complex. Zolpidem (Depoortere et
al., 1986), which binds to al, B2, y2 subunits with a
preference for the y2L variant (Duncan et al., 1995), in-
duces sleep at much lower doses than benzodiazepines
(Depoortere et al., 1986). It reduces sleep latency in
humans (Lund et al., 1988; Declerck et al., 1992), but
does not induce significant changes in night sleep distri-
bution although there is a decrease of EEG low fre-
quency bands (=10 Hz), an enhancement of the
frequency range of spindles (Lancel and Steiger, 1999)
and a decrease of paradoxical sleep (Brunner et al.,
1991; Declerck et al., 1992). In rats, zolpidem increases
slow-wave sleep (Depoortere et al., 1995), and decreases
paradoxical sleep during the first 2 h (Gottesmann et al.,
1994) but not on a 6-h recording (Gottesmann et al.,
1994; Depoortere et al., 1995). Zopiclone (Stutzmann
et al., 1993) acts as a partial agonist at the benzodiaze-
pine receptor level (Concas et al., 1994). ‘The differences
between zopiclone and the classical benzodiazepines that
have been reported previously must be due to distinct
interactions of these ligands with recognition site
domains other than that represented by histidine 101
(Davies et al., 2000). It reduces sleep latency in humans,
decreases stage I, increases stage II, has almost no effect
on stages III and IV and reduces paradoxical sleep
(Stutzmann et al., 1993; Lancel and Steiger, 1999). In
rats, it also decreases sleep latency and increases the
latency of the intermediate stage and paradoxical sleep.
This last stage is decreased by up to 6 h, but the inter-
mediate stage is never increased as is observed under
barbiturates and most benzodiazepines (Gauthier et al.,
1997a,b; Gottesmann et al., 1998).
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Steroid binding site

Only a few studies have been specifically devoted to
the steroid binding site for sleep mechanisms. It is well
known that pregnancy is often associated with sleepiness
and a tendency to increased daily sleeping time. Lancel et
al. (1997b) studied allopregnanolone, which is a neuro-
active steroid, and Edgar et al. (1997) studied pregnano-
lone, another neuroactive steroid, and an active analogue
of it. They induced an increase in slow-wave sleep, allo-
pregnanolone decreasing the EEG slow frequencies (=7
c/s) and increasing the spindle frequencies (=13 c/s). A
steroid precursor, pregnenolone, did not change the
sleep-waking cycle distribution but promoted the cortical
slow waves (0.5-4 c/s) within slow-wave sleep (Lancel et
al., 1994). However, studying the influence of progester-
one and allopregnanolone with more detailed sleep
stages, Lancel et al. (1996b, 1997b) were able to observe
a pronounced increase in the intermediate stage and a
decrease of paradoxical sleep with progesterone. This
effect could be related to the bioconversion (of proges-
terone) into neuroactive metabolites (Lancel, 1999) like
allopregnanolone and, to a lesser extent, pregnanolone.

Consequently, all agonists of GABA, receptor bind-
ing sites (except the picrotoxin binding site) favor sleep,
although physiological sleep is better respected only with
third generation hypnotics.

GABAg RECEPTORS

These receptors are involved in sleep-waking regula-
tion as shown by lethargic (/4/lh) mice which have
increased numbers of GABAp receptors in the cortex
and thalamus (Lin et al., 1993, 1995). Moreover,
GABAjg receptor antagonists infused in the thalamus
decrease EEG slow waves and deep slow-wave sleep
while light slow-wave sleep is increased (Juhasz et al.,
1994). These compounds are used to alleviate absence-
epilepsy in humans (Marescaux et al., 1992; Bittinger et
al., 1993) partly because of their thalamic impact on
relay and reticular nuclei (Lin et al., 1992), this brain
level having the highest number of GABAjg receptors
(Crunelli and Leresche, 1991). At this level, the reduction
of GABA, receptor-mediated inhibition markedly
enhances GABAjp receptor inhibitory postsynaptic
potentials in relay cells (Krosigk et al., 1993). Sleep stud-
ies were also undertaken in humans. Guilleminault and
Flagg (1984), in a double-blind study, found a dose-
related increase in slow-wave sleep and a reduction of
paradoxical sleep with the agonist baclofen, while
Finnimore et al. (1995) observed an increase in both
slow-wave sleep and paradoxical sleep. In rats the recep-
tor antagonist (CGP 35348) increased slow-wave sleep
and paradoxical sleep in one study (Puigcerver et al.,
1996) and increased waking and paradoxical sleep in
another (Gauthier et al., 1997a,b). The findings of the
last study are more in accordance with expected physio-
logical results since these two behavioral stages are char-
acterized by activation of the midbrain (Moruzzi and
Magoun, 1949; Steriade, 1996) and pons (Gottesmann,
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1967, 1969; McCarley and Hobson, 1971; McGinty et
al., 1974; Moroz et al., 1977; Vertes, 1977). In the same
way, phaclofen, another antagonist, increased paradoxi-
cal sleep when infused in the pontine reticular oralis
nucleus of the cat, while waking and slow-wave sleep
were not affected (Xi et al., 2001).

The study of these agonists and antagonists of the
GABAg receptor confirms the sleep-inducing properties
of this receptor.

GABA¢ RECEPTORS

Hitherto, it has been difficult to study the influence of
the GABA( receptor on behavior since the agonist trans-
4-aminocrotonic acid (TACA) and its cis-enantiomer
CACA, the first compounds acting on this receptor to
be identified, were not specific, like the first antagonists
(Bormann and Feigenspan, 1995; Quian and Dowling,
1996). However, in 1996 the first selective antagonist was
uncovered: (1,2,5,6-tetrahydropyridine)-methylphos-
phonic acid (TPMPA) (Murata et al., 1996; Ragozzino
et al., 1996).

The first results show that GABA acting at these
receptors is also involved in sleep-waking regulation.
Indeed, TPMPA increases both quiet and active waking
(with hippocampal theta rhythm), decreases total slow-
wave sleep, essentially by decreasing the slow-wave stage
(spindles and the intermediate stage are not significantly
modified), and also decreases paradoxical sleep (Arnaud
et al., 2001).

Regarding the decrease in paradoxical sleep, there are
conflicting results with compounds acting on GABA,
and GABAg receptors. It can be hypothesized that the
decrease in this sleep stage induced by the GABAc
receptor antagonist is related to corresponding receptors
located at the neuron level in the dorsal raphe and locus
coeruleus nuclei (Nitz and Siegel, 1997a,b; Gervasoni et
al., 1998, 2000). Their blockade may induce a disinhibi-
tion of monoaminergic influences antagonistic to this
sleep stage (and otherwise favoring waking; Berlucchi,
1997). The contradictory result obtained with GABAA
and GABApg receptor acting compounds seems to be
linked to an inhibition of paradoxical executive processes
(Gottesmann, 1967, 1969, 1996; McCarley and Hobson,
1971; Sakai, 1988; Xi et al., 1999b, 2001).

CONCLUSION

The three currently identified GABA receptors have
similar hypnotic effects when stimulated. Some differ-
ences appear when the quality of sleep is examined.
Slow-wave sleep is enhanced in all cases. It can be
strongly hypothesized that when antagonists promote
waking, agonists, where available, will increase sleep.
The intermediate stage is extended at the expense of
paradoxical sleep by barbiturates, most benzodiazepines
and steroids but not by new-generation hypnotics.
GABAjg and GABA( receptor antagonists used so far
are not appropriate compounds for the study of this
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effect on the intermediate stage, because of its natural
shortness; specific agonists would be more appropriate.
Finally, paradoxical sleep is decreased by agonistic
modulators of GABA, receptors, and increased by
GABAjg receptor antagonists — parallel results —
whereas the first available GABA( receptor antagonist
decreases this sleep stage. Altogether, these results show
the complexity and richness of brain regulation process-
es and could explain why a global in vivo increase in
extracellular GABA by various methods leads to differ-
ent results.

It seems probable that future research will be directed
towards GABA( receptors which could have an impor-
tant function in global behavior organization. Indeed,
they are more sensitive to GABA than GABA, and
GABAjg receptors and their desensitization is much
slower (Chebib and Johnston, 1999; Bormann, 2000).
Thus, low concentrations of GABA should act preferen-
tially on GABA( receptors. To speculate somewhat, spe-

cific agonists, when identified, could be useful
compounds in clinical use as hypnotics and perhaps
anti-epileptics, with fewer side effects than current med-
ications. It is also not excluded that antagonists could be
effective on narcoleptic attacks since there is GABAergic
participation in recent molecules which relieve this dis-
ease (Lin et al., 2000).

NOTE ADDED IN PROOF

Kauer et al. (2001) confirmed that the medulla prepo-
situs hypoglossi nucleus regulates paradoxical sleep by
GABAergic neurons which inhibit locus coeruleus neu-
rons.
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of the English.
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