
A WEALTH OF EVIDENCE indicates that γ-aminobutyric
acidA (GABAA) receptors play an important role in the reg-
ulation of sleep. GABA is the major inhibitory neurotrans-
mitter in the mammalian central nervous system (CNS),
and its depressant actions are predominantly mediated by
GABAA receptors. Moreover, numerous compounds that
influence GABAA receptor functioning are established to
induce pronounced changes in sleep-wake behavior.
Analysis of the sleep effects of such substances may give

insight into the involvement of GABAA receptors in the
regulation of the various aspects of sleep, including the ini-
tiation and maintenance of the sleep stages non-rapid-eye-
movement (NREM) sleep and REM sleep, as well as the
sleep state-specific electroencephalographic (EEG) signals.
After a brief overview of the configuration and functioning
of GABAA receptors, the present paper summarizes report-
ed acute sleep responses to systemically administered sub-
stances that either potentiate or mimic the action of GABA
at the GABAA receptor in the most extensively studied
mammalian species—rats, cats and humans. In view of the
vast literature—which precludes a complete review—as
well as the many causes and types of insomnia, the review
of human data was restricted to healthy adults without sleep
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complaints. On the basis of the general hypnotic properties
of substances with common mechanisms of action, we
speculate on the involvement of GABAA receptors in the
sleep-regulating processes, with emphasis on NREM sleep.

GABAA Receptors 

Four decades ago, the neutral amino acid GABA was
identified as a normal constituent of the mammalian brain.
Subsequent research demonstrated that GABA is one of the
most prevalent neurotransmitters in the CNS, reaching con-
centrations in the order of �moles/g.1,2 Depending on the
brain region, approximately 20% to 50% of all synapses
use GABA as their neurotransmitter,3,4 which indicates that
a large percentage, if not all, of the central neurons are
under GABA control. Synaptically released GABA exerts
its effects via the specific interaction with three types of
membrane-bound GABA receptors, classified as the func-
tionally and pharmacologically differing GABAA, GABAB

and GABAC receptors (for review, see 5-8). In nearly all
brain areas, GABAA receptors are the most abundant.9
They constitute fast-acting ligand-gated anion channels.
Upon the activation by GABA or structural analogs, the
membrane permeability for anions—primarily chloride
ions—increases. Because the chloride ion concentration
within neurons is usually low, GABAergic transmission in
most cases produces a slight, short-lasting hyperpolariza-
tion and thus a reduced excitability of the recipient neuron.
Of high pharmacologic interest is the fact that GABAA

receptors are endowed with additional allosteric binding
sites, including sites for barbiturates, benzodiazepines, and
specific neuroactive steroids (for review, see 5, 10).
Ligands that interact with these binding sites induce a con-
formational change in GABAA receptors, and thereby mod-
ulate GABAA-receptor functioning. Such compounds may
either enhance (agonistic modulators) or attenuate (inverse
agonistic modulators) GABA-induced GABAA receptor
currents or inhibit the action of agonistic modulators
(antagonistic modulators). 

Molecular biology studies showed that GABAA recep-
tors are very heterogeneous. The GABAA receptor complex
is a pentameric glycoprotein, composed of combinations of
multiple polypeptide subunits. To date, five structurally
related subunit families have been identified (α, β, γ, δ and
ρ), each with its own isoforms, with 70% to 80% sequence
identity within each subunit family (for review, see 5,11).
Heterologs expression studies demonstrated that a channel
with the properties of native receptors requires the combi-
nation of at least one α-, one β- and one γ-subunit.12,13 The
precise combination of protein subunits determines the
physiologic and pharmacologic properties of a GABAA

receptor (for review, see 11, 14, 15). While most native
GABAA receptors are susceptible to modulation by barbi-

turates and neuroactive steroids, many are insensitive to
benzodiazepines.12 Benzodiazepine sensitivity requires the
coexpression of the γ2 subunit with α- and β-subunits.
Furthermore, benzodiazepine pharmacology depends on
the type of α subunit. The so-called “benzodiazepine type I
receptor,” which displays high-affinity binding for certain
benzodiazepine receptor ligands—including the benzodi-
azepines quazepam and cinolazepam and the imidazopy-
ridines zolpidem and alpidem—appears to contain a α1
subunit, whereas the benzodiazepine type II receptor,
which has a low affinity for these drugs, contains α2- or
α3-subunits (for review, see 5, 10, 14). Both receptor types
are present throughout the brain, but are distributed
unevenly: type I receptors are selectively enriched in the
cerebellum, and type II receptors predominate in limbic
structures, such as the hippocampus, and also occur in
spinal motor neurons (for review, see 5, 14).

Effects of Agonistic Modulators of GABAA Receptors on
Sleep 

Barbiturates.—Barbiturates have been used as seda-
tives since the early 1900s. They are less widely prescribed
today because of their toxicity, the rapid development of
drug-tolerance and physical and psychological dependency,
and the occurrence of rebound phenomena after discontin-
uation of barbiturate treatment. Sedative barbiturates are
potent agonistic modulators of GABAA receptors: by inter-
acting with GABAA receptor-associated barbiturate bind-
ing sites, they potentiate the GABA-induced chloride ion
flux by increasing the average open duration of the chloride
channels without altering channel conductance and open-
ing frequency.16,17 At very high, anesthetic concentrations,
barbiturates are able to open GABAA-associated chloride
channels directly, in the absence of GABA.18,19 

The bulk of animal studies on the hypnotic effects of
barbiturates employed the loss and reappearance of the
righting reflex to assess sleep time. In one polysomno-
graphic study, 1 and 10 mg/kg phenobarbital doses were
administered intraperitoneally (ip) to cats. Compared with
placebo recordings, phenobarbital dose-dependently
decreased wakefulness, promoted NREM sleep, and sup-
pressed REM sleep.20 In the same species, sodium barbital
was chronically administered intragastrically twice a day in
slowly increasing doses. In comparison to control record-
ings, barbital persistently increased NREM sleep and
markedly decreased REM sleep by a reduction in the num-
ber of REM episodes.21 Pentobarbital, given intravenously
(iv) in a dose of 10 mg/kg, has also been found to prevent
the occurrence of REM episodes. Interestingly, periodic
bursts of ponto-geniculo-occipital (PGO) waves persisted,
but in parallel with NREM-associated EEG signals, indi-
cating a barbiturate-induced dissociation of REM-related
events.22 Another study evaluated the immediate sleep
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response to 15 and 30 mg/kg pentobarbital, administered ip
to rats during the light period (the circadian rest phase of
this species). In comparison to placebo, pentobarbital dose-
dependently shortened NREM latency and decreased REM
sleep time, which was associated with a delay in the occur-
rence of the first REM episode and with a decrease in the
number of REM episodes. Furthermore, it promoted a sub-
state of NREM sleep which is characterized by the occur-
rence of long-lasting, high-amplitude spindle-like (≈11-16
Hz) waves on a background of regular theta (6-9 Hz) activ-
ity.23 This substate usually preceeds REM sleep, and is
therefore termed pre-REM sleep in this paper, but has also
been called intermediate stage23 and transition type sleep.24

The pentobarbital-induced enhancement of pre-REM sleep
has been confirmed in cats.25 Experiments focused on alter-
ations in the cortical EEG performed on various mam-
malian species found that barbiturates, such as pentobarbi-
tal and phenobarbital, administered at not-too-high doses,
evoke bursts of rhythmic waves in the frequency range of
6-13 Hz, with a waxing-and-waning amplitude, reminis-
cent of spindles occurring during spontaneous sleep.
Additional subcortical recordings revealed that similar sig-
nals appear simultaneously in the thalamus (for review, see
26), the brain structure which generates spindle oscillations
(for review, see 27).

Various reports exist on the immediate influence of
barbiturates on nocturnal sleep in healthy noninsomniac
subjects. Phenobarbital, given orally (po) in doses of 120
mg or more, has relatively small effects, consisting of a
slight decrease in the percentage of wakefulness and
NREM stage 1, an increase of slow-wave sleep (NREM
stages 3 and 4), and a prolongation of REM sleep laten-
cy.28,29 Thiopental (300 mg), given iv to four subjects,
affected sleep in a similar fashion.28 More elaborate inves-
tigations revealed that a single oral bedtime dose of 100 mg
pentobarbital significantly shortens sleep latency, increases
total sleep time and NREM sleep without significantly
affecting the light NREM stages 1 and 2 or slow-wave
sleep, and reduces the number of awakenings and body
movements. Additionally, it decreases the percentage of
REM sleep, due to a delay of REM latency and to a
decrease of both the number and duration of the REM
episodes.30,31 Amobarbital, given shortly before lights-off
in a dose of 200 mg (n=6) and 400 mg (n=3), appeared to
shorten sleep-onset latency and decrease percentage stage 1
and increase stage 2, while having minimal effects on slow-
wave sleep time. Furthermore, amobarbital delayed the
latency to REM sleep, decreased percentage REM sleep
and movement time as well as the number of switches to
wakefulness, stage 1 or movement time.32 Comparable
effects have been observed in subjects after the oral inges-
tion of 400 mg heptobarbital33 and various doses (dose
range: 100-200 mg) of secobarbital.34-36

Taken together, most hypnotic barbiturates seem to
increase the ability to fall and stay asleep, promote NREM
and/or pre-REM sleep, and increase the occurrence of spin-
dles during NREM sleep, and to decrease REM sleep,
which is especially related to a reduction in the number of
REM episodes and—at least in humans—possibly also to a
decrease in the duration of the REM episodes.

Benzodiazepines.—Following their introduction in the
1960s, benzodiazepines  rapidly became the most frequent-
ly prescribed hypnotics. They have a good safety and toler-
ability profile, but chronic use may cause tolerance and
dependence, and drug withdrawal may produce rebound
insomnia (for review, see 37, 38). Sedative-hypnotic ben-
zodiazepines augment the action of GABA at the GABAA

receptor by increasing the frequency of chloride channel
opening, with little effect on channel conductance or chan-
nel open time.16,39 

Placebo-controlled studies in the rat showed that the
benzodiazepines flurazepam (dose range: 15-30 mg/kg),
triazolam (dose range: 0.1-0.6 mg/kg), midazolam (dose
range: 3-10 mg/kg) and diazepam (dose range: 1-2 mg/kg),
administered ip or po, systematically shorten sleep latency
and increase NREM sleep. Possibly related to the small
amount of spontaneously occurring sleep, the last effect is
most prominent during the dark period. Furthermore, these
drugs consistently delay REM latency and decrease REM
sleep time.40-48 Midazolam has been shown to reduce the
number of REM episodes,47 whereas triazolam and
diazepam have been found to shorten the duration of the
REM episodes.23 Experiments in which pre-REM was
scored as a separate state revealed that benzodiazepines
markedly increase pre-REM sleep time.23 In contrast to the
sleep-inducing effect in rats, benzodiazepines promote
wakefulness in the cat. Administration to cats of fluni-
trazepam (0.1 and 1 mg/kg, po and 0.1 mg/kg, ip),
nitrazepam (0.03 mg/kg, ip and 0.25-1.5 mg/kg intramus-
cularly [im]), triazolam (0.01 mg/kg, ip), midazolam (1
mg/kg, ip) and diazepam (0.2 and 1 mg/kg, ip and 0.25-2
mg/kg, im) markedly increased wakefulness and decreased
NREM sleep and REM sleep. The decrease of both sleep
states was caused by a delayed latency as well as by a
reduced number and duration of the NREM and REM
episodes.20,49-52 In spite of the species-dependent changes in
sleep time, benzodiazepines appear to induce comparable
alterations in the EEG signals. Spectral analysis of the EEG
signals after the administration of 1 mg/kg diazepam po to
cats and of 3 mg/kg midazolam ip to rats yielded a depres-
sion of slow (≤10 Hz) EEG components and elevations in
the frequency range of spindles during NREM sleep, and
increases in the high- (>10 Hz) frequency bands during
both NREM and REM sleep in rats as well as cats.45,47,52

Analysis of the temporal development of EEG activity
within NREM episodes showed that midazolam produces a
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general suppression of slow-wave activity (SWA; 0.5-4 Hz)
and an increase of spindle activity, without affecting their
intraepisodic time course.47

The acute effect of benzodiazepine hypnotics on night
sleep in healthy good-sleeping subjects has been studied
extensively. For instance, flunitrazepam, given po shortly
before retiring in doses varying between 1 and 6 mg, has
been shown to increase total sleep time dose-dependently,
which results from a shortened sleep latency, a reduction in
the number of awakenings, and a prominent promotion of
stage 2. In contrast, it decreases stage 1 and slow-wave
sleep as well as REM sleep, caused by a delay in  the occur-
rence of the first REM episode and by a reduction of the
number of REM episodes.53-57 EEG spectral analysis
revealed that flunitrazepam markedly attenuates low-fre-
quency EEG activity and augments EEG activity in the fre-
quency range of sleep spindles during NREM sleep, and
enhances high-frequency EEG activity, especially during
REM sleep.56,57 Highly similar effects have been reported
for other benzodiazepines, such as the long-acting benzodi-
azepines nitrazepam32,34,53,58-62 and flurazepam,31,57,62-66 the
medium-acting benzodiazepines temazepam,67,68 and bro-
mazepam,53 and the short-acting benzodiazepines triazo-
lam57,62,67-71 and midazolam.57,72 More detailed analyses
revealed that benzodiazepines evoke a general suppression
of SWA and enhancement of spindle activity during NREM
sleep, but have little effect on their temporal evolution
within and across NREM episodes.73-75 The attenuation of
SWA appeared to be related to a reduction in both the
amplitude and number of slow waves,76-78 while the aug-
mentation of spindle activity is accounted for by an
increase in spindle density, and possibly also by an
increased spindle duration.54,78,79

Taken together, although the reactivity to benzodi-
azepine hypnotics differs between species, they have many
sleep effects in common. In the cat these drugs induce alert-
ness. In both rats and humans, they increase the ability to
fall asleep and to stay asleep and promote NREM and/or
pre-REM sleep. Independent of the species, benzodi-
azepines increase the occurrence of spindles and depress
slow EEG waves during NREM sleep and REM sleep time,
which is due to an initial suppression of the occurrence of
REM sleep but possibly also to a decrease in the duration
of REM episodes. 

Zolpidem and zopiclone.—In the 1980s, two new
hypnotics—zolpidem and zopiclone—were introduced.
Both drugs are nonbenzodiazepine agonistic modulators of
GABAA receptors that seem to have a lower tolerance and
dependency potential than barbiturates and classical benzo-
diazepines (for review, see 37, 80-83). 

In contrast to most benzodiazepines, which bind nons-
electively to benzodiazepine type I and II receptors, the
imidazopyridine derivative zolpidem binds specifically to

the benzodiazepine type I receptor. Experiments in rats
showed that zolpidem, administered po in doses between 1
and 10 mg/kg and ip in doses from 2.5 up to 10 mg/kg dur-
ing the light or dark period, dose-dependently reduces sleep
latency, increases NREM sleep, hardly affects pre-REM
sleep time, increases REM latency and—due to a reduction
in the number of REM episodes—decreases REM
sleep.23,48,84 In the cat, zolpidem (1 and 10 mg/kg, po) ini-
tially produces wakefulness, thereby delaying the latency
to both NREM and REM sleep. Thereafter, it promotes
NREM as well as pre-REM sleep.84

In noninsomniac subjects, zolpidem exerts only mod-
erate and partially age-dependent effects on nocturnal
sleep. Most studies in young subjects found that zolpidem,
given po in doses between 2.5 and 30 mg shortly before
retiring, tends to shorten sleep-onset latency, has no consis-
tent effect on total sleep time, the number of awakenings,
and time spent in the NREM sleep stages, but may slightly
decrease REM sleep and delays REM latency.85-88 In mid-
dle-aged and geriatric subjects without sleep complaints,
similar doses of zolpidem appeared more likely to reduce
sleep latency, increase total sleep time, reduce the number
of awakenings, decrease stage 1 and increase stage 2, while
having little effect on slow-wave sleep, and to prolong
REM latency and decrease REM sleep.85,89 In spite of its
marginal effects on the sleep stages, all-night spectral anal-
ysis showed that zolpidem markedly reduces low-frequen-
cy (≤10 Hz) EEG activity and augments EEG activity in the
spindle frequency range during NREM sleep in young nor-
mal subjects.88

The second nonbenzodiazepine hypnotic, zopiclone, is
a cyclopyrrolone derivate. It probably binds at a physically
distinct domain on the GABAA receptor that is closely
linked to a benzodiazepine binding site.5,15 In rats, 2.5 and
10 mg/kg zopiclone, administered ip during the light peri-
od, was found to decrease total time dose-dependently in
wakefulness and pre-REM sleep, and to increase NREM
sleep in comparison to placebo.90 A comparable study in
the same species yielded a dose-related shortening of
NREM sleep latency and a decrease of total time in pre-
REM sleep and REM sleep, which was related to an
increased latency  as well as to a reduction in the number
of pre-REM and REM episodes.91 In cats, various doses of
zopiclone (1 and 5 mg/kg, po) have been shown to promote
wakefulness and to decrease all sleep stages.51,92

Zopiclone appears to have relatively mild hypnotic
properties in normal subjects. The strongest effects were
observed in a study on the influence of zopiclone on all-
night sleep recordings in six healthy middle-aged sub-
jects.93 Zopiclone was administered orally at bedtime in
doses of 5, 7.5, and 10 mg. Although not all changes
reached the level of statistical significance, zopiclone dose-
dependently reduced sleep-onset latency, increased total
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sleep time due to marked increases in stage 2, slightly
decreased stage 1, slow-wave sleep and REM sleep, signif-
icantly increased REM latency, and reduced the number of
awakenings. Other investigators found qualitatively com-
parable effects of zopiclone, except for its influence on
slow-wave sleep. While zopiclone tendentially decreased
slow-wave sleep in the above-mentioned study, similar
doses hardly affected72,94-97 or even slightly increased98-100

slow-wave sleep in studies with young subjects.
Nevertheless, spectral analysis of EEG signals during
NREM sleep revealed a prominent suppression of slow
(≤10 Hz) EEG components and enhancements in spindle
frequencies.72,100 Furthermore, zopiclone was found to
evoke a general decrease in SWA and increase in spindle
activity during NREM sleep, without disrupting the inter-
or intraepisodic time course.75 The depression of SWA
seems to be due to a pronounced attenuation of the slow-
wave amplitude,101 while enhanced spindle activity has
been shown to be caused by an increased spindle density.102 

Taken together, except for the fact that neither zolpi-
dem nor zopiclone promotes pre-REMS in the rat, the sleep
effects of these drugs are qualitatively rather similar to
those induced by benzodiazepines: they produce alertness
in the cat, whereas in both humans and rats they are able to
shorten sleep-onset latency, increase sleep consolidation,
increase NREM sleep, facilitate the occurrence of sleep
spindles, and, though not detectable by visual scoring,
attenuate low-frequency EEG signals during NREM sleep
and suppress the appearance of REM episodes.  

Neuroactive steroids.—Various steroid hormones lack
activity at classical intracellular steroid receptors. Some of
these steroids selectively modulate GABAA receptor func-
tioning, possibly through a unique binding site that is dis-
tinct from those for barbiturates and benzodiazepines (for
review see 5, 10, 103-105). The most potent natural-occur-
ring steroidogenic agonistic modulators are the ring Α-
reduced metabolite(s) of progesterone, 3α-hydroxy-5α-
(allopregnanolone) and 3α-hydroxy-5β-dihydroproges-
terone (pregnanolone), and of deoxycorticosterone, 3α-
hydroxy-5α-tetrahydrodeoxycorticosterone (THDOC). At
low nanomolar concentrations, they augment GABA-
induced GABAA receptor current by increasing both the
frequency and duration of chloride channel opening.106

Like barbiturates, they directly activate GABAA receptors
at high concentrations.107,108 

In addition to several other CNS-depressant properties,
progesterone is since long known to exert anesthetic
actions.109 However, investigations addressing its precise
influence on sleep-wake behavior and the mediating mech-
anisms have only recently begun. A study on the effects of
several doses (30-180 mg/kg, ip) of progesterone adminis-
tered at light-onset to rats yielded pronounced dose-related
alterations, consisting of  a reduction of sleep latency,

lengthening of the NREM episodes, promotion of preREM
sleep and—at the highest dose—a decrease in REM sleep,
caused by an increase in REM latency and a reduction in
the number of REM episodes. Spectral analysis of the EEG
yielded a nonspecific enhancement of high-frequency (≥11
Hz) activity, as well as a non-REMS-specific depression of
low-frequency (≤7 Hz) activity and an augmentation in the
spindle frequencies.110 In young subjects, a single oral dose
of 300 mg micronized progesterone 1.5 hours before retir-
ing has been shown to increase stage 2, tendentially
decrease stage 4 and REM sleep, suppress SWA, and
enhance activity in the frequencies >15 Hz during NREM
sleep.111 In both studies, the time course of the proges-
terone-induced sleep alterations correlated highly with the
temporal development of the elevations in the brain and/or
plasma concentrations of allopregnanolone and, to a lesser
extent, of pregnanolone. These observations indicate that
the effects of progesterone on sleep may result from its bio-
conversion into neuroactive metabolites. Studies investi-
gating the influence of exogenous pregnanolone and allo-
pregnanolone support this notion. In rats, pregnanolone
(10-30 mg, ip) and the synthetic analog CDD-3693 (10-30
mg, po), administered during the dark period, were both
found to rapidly increase NREM sleep time.48

Pregnanolone has also been shown to enhance sleep
propensity in humans. Analysis of 5-minute polygraphic
recordings made at 30-minute intervals yielded an increase
in the number of sleep attempts following a single oral
early-morning dose of 1000 mg pregnanolone.112 One
study on the influence of two doses of allopregnanolone (5
and 10 mg/kg, ip) administered during the light period to
rats did not reveal significant changes in sleep-wake behav-
ior.113 A comparable experiment, in which allopreg-
nanolone doses of 7.5 and 15 mg/kg were mixed with oil to
attain a slower release, revealed dose-related sleep respons-
es, including a shortened sleep latency, increase in pre-
REM sleep, attenuation of low-frequency (≤7 Hz) EEG
activity, and elevations in the frequency bands of sleep
spindles during NREM sleep and an enhancement of high-
frequency activity  during both NREM- and REM-sleep.114

To the best of our knowledge, only one study assessed the
hypnotic effects of THDOC. It found that THDOC (5 and
10 mg/kg, ip), administered during the light period to rats,
shortened sleep latency and increased NREM sleep time in
a dose-related fashion.113 Studies on the influence of the
THOC precursor DOC (1 mg and 20 mg, po) on sleep in
normal volunteers did not find alterations in the sleep pat-
tern115,116;  however, it is uncertain whether DOC is able to
enter the brain. 

Taken together, although the observed sleep effects
need to be confirmed and extended, the given findings sug-
gest that steroidogenic agonistic modulators of GABAA

receptors increase the ability to fall asleep, promote NREM
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or pre-REM sleep, increase NREM maintenance, enhance
the occurrence of spindles and attenuate slow EEG waves
during NREM sleep, and may, at high doses, suppress the
occurrence of REM episodes. 

Effects of Agonists of  GABAA Receptors on Sleep 

GABAA agonists, such as muscimol, isoguvacine, and
4,5,6,7-tetrahydroisoxazolo-pyridin-3-ol (THIP), are struc-
tural analogs of GABA, which selectively bind to the
GABA recognition sites on the GABAA receptor complex
and thereby directly activate GABAA receptors. GABAA

agonists open chloride ion channels of the same conduc-
tance as GABA, but the average duration of channel open-
ing may differ. Noise analyses suggest that muscimol acti-
vates chloride channels of a longer open duration, where-
as—for example—THIP and isoguvacine activate chloride
channels of a shorter open duration than that opened by
GABA.39

Experiments on rats showed that the full GABAA ago-
nist muscimol produces dose-dependent alterations in
sleep-wake behavior. Intraperitoneal administration of var-
ious doses (0.05-0.4 mg/kg) of muscimol during the light
period hardly affected sleep latency.42,47,117 However, doses
≥0.2 mg/kg  appeared to decrease wakefulness and increase
NREM sleep and, to a lesser extent, also REM sleep, which
is related to a lengthening of the sleep episodes.47

Furthermore, muscimol was found to enhance low-fre-
quency (<10 Hz) EEG activity during NREM sleep and
high-frequency (>10 Hz) activity within REM sleep in a
dose-related fashion.47,117 The enhancement of SWA is
associated with an overall increase within the NREM
episodes.47  The partial GABAA agonist THIP, administered
ip in doses of 2 and 4 mg/kg during both the light and dark
period, affected neither sleep latency nor pre-REM and
REM sleep time. THIP consistently induced a lengthening
of the NREM episodes and increased total time spent in
NREM sleep.  Furthermore, THIP dose-dependently ele-
vated SWA during NREM sleep, caused by an overall
increase within the NREM episodes, and slightly enhanced
high-frequency (>10 Hz) activity in the EEG during REM
sleep.118,119 

Comparable findings were also observed in humans. A
single oral dose of 20 mg THIP, given half an hour before
retiring to young normal sleepers, was found to significant-
ly increase slow-wave sleep, without affecting sleep onset
latency, REM latency, or REM sleep time, in comparison to
placebo. EEG spectral analyis yielded enhancements in the
lower frequencies (<9 Hz) and selective decreases in the
spindle frequencies during NREM sleep, which were asso-
ciated with an overall elevation of SWA and attenuation of
spindle activity within the NREM episodes.120

Taken together, the few available studies on the influ-

ence of GABAA agonists on sleep in rats and volunteers
without sleep disturbances suggest that muscimol and
THIP do not affect sleep latency. However, they seem able
to increase NREM sleep maintenance and to promote slow-
wave sleep. They appear to have minimal effects on REM
sleep time and distribution and, in humans, attenuate spin-
dle activity. It is at present uncertain whether the last effect
is due to a reduction in spindle density, amplitude, and/or
duration.

Implications

The agonistic modulators of GABAA receptors dis-
cussed above differ in many respects: barbiturates, benzo-
diazepines, zolpidem, zopiclone, and neuroactive steroids
belong to different chemical families, interact for the most
part with distinct binding sites on the GABAA receptor,
produce different changes in chloride channel kinetics, and
exhibit different affinities to the various GABAA receptor
subtypes; thus, the regional distribution of susceptible
GABAA receptors differs. Nevertheless, these agents all
enhance the response of GABAA receptors to GABA,
which explains the fact that they have many hypnotic prop-
erties in common. Though quantitative differences clearly
exist, these drugs are able to increase the ability to fall
asleep and to stay asleep, increase NREM sleep time, and
stimulate the appearance of spindles within NREM sleep.
With the exception of the neuroactive steroids, these com-
pounds have all been shown to decrease REM sleep time,
which is particularly due to a suppression of the occurrence
of REM episodes. Except for barbiturates, whose influence
on the state-specific EEG power densities has unfortunate-
ly never been assessed in detail, all other drugs have been
shown to attenuate low-frequency components during
NREM sleep. These findings strongly suggest that an acti-
vation of GABAA receptors plays an important role in the
induction and consolidation of NREM sleep, and facilitates
the mechanisms responsible for the production of spindles,
but inhibits the processes underlying the generation and/or
synchronization of slow waves and suppresses REM sleep
triggering mechanisms. However, the last interpretation
may be premature. As mentioned earlier, in the cat, bursts
of PGO waves periodically occur during barbiturate-
induced REM suppression.22 Furthermore, after the admin-
istration of several benzodiazepines to human subjects,
brief periods of EEG desynchronization have been
observed at approximately the time of the first regular
REM episode, though not accompanied by rapid eye move-
ments and muscle atonia.74 Possibly, agonistic modulators
of GABAA receptors inhibit the manifestation of certain
REM sleep phenomena and thereby preclude the visual
detection of REM sleep. Moreover, based on the finding
that the SWA levels attained during benzodiazepine-abort-
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ed REM episodes exceed those observed during normal
REM episodes, it has been postulated that the attenuation
of EEG desynchronization prevents the appearance of
REM sleep.74,121

As agonistic modulators and agonists respectively
potentiate and mimic the action of GABA at the GABAA

receptor, one would expect that these agents have similar
effects on sleep. However, this is clearly not the case. In
both rats and humans, GABAA agonists have little effect on
sleep latency or REM sleep, but seem to increase sleep con-
tinuity and slow-wave sleep and, in humans,  to attenuate
EEG activity in the frequency range of sleep spindles dur-
ing NREM sleep. In contrast to the conclusions drawn from
the sleep effects of agonistic modulators of GABAA recep-
tors, these observations would suggest that GABAA recep-
tors are not involved in mechanisms underlying the trig-
gering of NREM sleep or REM sleep, but play a positive
role in NREM sleep maintenance and in the generation
and/or synchronization of slow EEG waves and a negative
role in spindle-related processes. In view of the finding that
agonistic modulators and agonists of GABAA receptors
have opposite effects on sleep, questions arise as to how the
differential effects can be explained, and which effects
most accurately reflect the involvement of GABAA recep-
tors in physiological sleep regulation. The distinct sleep
effects indicate that the influence of agonistic modulators
and agonists of GABAA receptors on electrical brain activ-
ity differs substantially. This notion is supported by obser-
vations made in sleep, epilepsy, and drug-discrimination
studies. Studies in which benzodiazepines and muscimol
were coadministered revealed that these drugs do not aug-
ment one another’s influence on the sleep states,42,44,117 but
even attenuate one another’s effects on the EEG signals
during NREM sleep.117 Whereas GABAA agonists exacer-
bate absence (petit mal) epilepsy in epilepsy-prone animals
(for references, see 122), various agonistic modulators
have been shown to suppress spontaneous, as well as
GABAA agonist-induced, absence epileptic seizures.46,123

Rats trained to discriminate a benzodiazepine from saline
generalize to other benzodiazepines as well as to barbitu-
rates and the neuroactive steroids allopregnanolone and
THDOC,124,125 but not to muscimol or THIP,126 which indi-
cates that GABAA agonists do not share discriminative-
stimulus effects with agonistic modulators of GABAA

receptors. One explanation for these diverse effects is that
GABAA agonists and agonistic modulators activate differ-
ent GABAA receptor subtypes. Whereas muscimol and
THIP are likely to activate all functional GABAA receptors,
the responsiveness to agonistic modulators depends on the
precise receptor composition. If this postulation were true,
one might expect that the massive activation by GABA
analogs would dominate and mask the modulation evoked
by GABAA agonistic modulators. As outlined above, this

has not been observed in sleep investigations or in absence
epilepsy studies. Another obvious explanation is based on
the fact that sleep-related processes are regulated by the
concerted release of GABA in specific brain areas.
Agonistic modulators potentiate the action of endogenous-
ly liberated GABA on GABAA receptors and thus maintain
its physiological specificity. In contrast, GABAA agonists
unselectively stimulate GABAA receptors throughout the
CNS, thereby inevitably producing different effects than
agonistic modulators. In addition, GABA and GABA
analogs may exert differential net-effects on GABAA

receptor functioning in in vivo conditions. Synaptically
released GABA is rapidly removed by high-affinity uptake
mechanisms into neurons and glial cells,127 which confine
its action temporally and spatially. As both muscimol and
THIP are poor substrates for uptake, they probably produce
more tonic effects than liberated GABA, which is likely to
have a considerable impact on neuronal activity. In line
with this postulate, the GABA uptake inhibitor tiagabine,
which elevates the steady state level of GABA, has recent-
ly been shown to have comparable effects on sleep EEG in
the rat to muscimol and THIP.128 If the striking sleep
effects of GABAA agonists are caused by an unphysiologi-
cal widespread and/or tonic activation of GABAA recep-
tors, then they do not reflect the involvement of GABAA

receptors in sleep regulating processes. We therefore
assume that the role of GABAA receptors in physiological
sleep-wake regulation can be more accurately inferred
from the sleep effects of agonistic modulators of GABAA

receptors, which implies that GABAA receptors are posi-
tively involved in the induction and consolidation of
NREM sleep as well as in the production of spindles, but
not in the generation of slow waves.
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