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Role of GABA 5 Receptors in Sleep Regulation

Differential Effects of Muscimol and Midazolam on

Sleep in Rats

Marike Lancel, Ph.D., Tatjana A. M. Crinlein, and Johannes Faulhaber, Ph.D.

To assess the influence of the y-aminobutyric acid (GABA) 4
receptor on sleep and sleep EEG, rats were injected
intraperitoneally with vehicle, two doses of muscimol (0.2
and 0.4 mg/kg), a selective GABA 4 agonist, and midazolam
(3 mg/kg), a benzodiazepine-GABA 4 agonist. EEG and
EMG recordings were made for 6 or 8 hours. Muscimol
dose-dependently increased the amount of nonrapid eye
movement sleep (nonREMS) and REMS. The higher dose of
muscimol enhanced EEG activity over almost the entire
frequency range (0.5-25 Hz), including delta (0.5-4 Hz)
and sigma (11-16 Hz) activity, within nonREMS and in
the frequencies over 10 Hz within REMS. Midazolam also
increased the amount of nonREMS. However, most of the
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v-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the central nervous system (CNS)
of mammalian species. It interacts with two receptor
types, the GABAA and GABAg receptors, which are
present in nearly all neurons in the CNS. The GABA,
receptor is a macromolecular protein composed of a re-
ceptor-gated chloride channel, a GABA recognition site,
and various distinct modulatory binding sites for ben-
zodiazepines, picrotoxin, barbiturates, and anesthetic
steroids (for review, see Deutsch et al. 1992; Macdonald
and Olsen 1994). Activation of the GABA4 receptor
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other effects of midazolam contrasted the effects of
muscimol: midazolam decreased REMS, reduced low
frequency (<11 Hz) EEG activity within nonREMS, and
enhanced the activity in higher frequencies during both
nonREMS and REMS. These data demonstrate the
involvement of GABA 4 receptors in the regulation of sleep-
wake behavior as well as in the generation of spindles and
delta waves during nonREMS. The effects of these two
GABA 4 agonists indicate that activation of different
binding sites on the GABA 4 receptor complex differentially
affect sleep states and sleep EEG.
[Neuropsychopharmacology 15:63-74, 1996]

complex by GABA increases membrane conductance
for anions, especially for chloride ions, usually resulting
in hyperpolarization. Ligands interacting with the mod-
ulatory sites influence the efficacy of GABA in promot-
ing the chloride channel opening.

In view of their inhibitory etfects, it is not surprising
that GABA receptors play an essential role in the gen-
eration of nonrapid eye movement sleep (nonREMS).
Benzodiazepine-GABA 5 agonists (Gaillard et al. 1973;
Johnson et al. 1979; Borbély et al. 1985; Dijk et al. 1989;
Mendelson and Martin 1990; Lancel et al. 1994), as well
as nonbenzodiazepine-GABA 4 agonists like zopiclone
(Trachsel et al. 1990; Kim et al. 1993), zolpidem (Brunner
et al. 1991), the B-carboline abecarnil (Coenen et al.
1992), and the endogenous steroid THDOC (Mendelson
et al. 1987) all reduce nonREMS latency and increase the
amount of nonREMS. Studies in which the EEG within
nonREMS was analyzed with spectral analysis demon-
strated that GABA 5 agonists systematically reduce low-
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frequency activity (=10 Hz) and enhance spindle activ-
ity in humans (Gaillard et al. 1973; Johnson et al. 1979;
Borbély et al. 1985; Dijk et al. 1989; Trachsel et al. 1990;
Brunner et al. 1991; Kim et al. 1993) and higher-fre-
quency activity (=13 Hz) in rats (Lancel et al. 1994).
GABAA agonists also affect REMS: Except for THDOC,
all the compounds mentioned above have been shown
to increase REMS latency and decrease the amount of
REMS and, in so far as examined, promote high fre-
quency EEG activity in humans (Borbély et al. 1985)
and rats (Lancel et al. 1994). These data strongly suggest
that different types of GABAA agonists typically pro-
mote a nonREMS state that is characterized by the fre-
quent occurrence of spindles and the infrequent appear-
ance of slow waves (delta waves).

Spindles are composed of rhythmic waves of 11 to 16
Hz, with a waxing and waning amplitude. The appear-
ance of spindles on a background of intermediate-
frequency, low-amplitude EEG signals conventionally
marks nonREMS onset. Spindle oscillations are trig-
gered in the GABAergic reticular thalamic nucleus (RE)
(Steriade et al. 1985, 1987), when cholinergic input sub-
sides, which disinhibits the RE neurons. During spin-
dling RE cells impose cyclical inhibitory postsynaptic
potentials (IPSPs) on thalamocortical neurons, thereby
de-inactivating low-threshold calcium currents, under-
lying the rebound low-threshold calcium spikes (LTSs)
and associated bursts of action potentials. These are
transferred to the cortex, where they induce excitatory
postsynaptic potentials (EPSPs) in the frequency range
of spindles (Steriade and Deschénes 1988). The excita-
tion generated in thalamocortical and cortical neurons
is projected back to the RE and facilitates the spindle os-
cillation (Steriade et al. 1991). Delta waves are slow-fre-
quency signals (0.5-4 Hz) with high amplitudes that oc-
cur during deeper nonREMS states. When membrane
potentials are sufficiently negative, thalamic and corti-
cal neurons generate delta oscillations. Intracellular re-
cordings show that these oscillations result from the
critical interplay between two voltage-dependent cur-
rents: the hyperpolarization-activated Na*/K* inward
rectifying current (Ih) and the low-threshold calcium
current (It), which underlies the rebound LTS (McCor-
mick and Pape 1990). Recent electrophysiological ex-
periments showed that a progressive hyperpolarization
of membrane potential (Vm) switches the state of
thalamocortical neurons from the “relay mode,” charac-
teristic for wakefulness and REMS, into a “spindle
mode” and ultimately into a “delta mode” (Steriade et
al. 1991; Nunez et al. 1992).

In the light of these electrophysiological findings,
one would expect that, depending on the induced de-
gree of Vm hyperpolarization, GABA4 agonists pro-
mote nonREMS predominated either by spindles or by
delta waves. The fact that the earlier mentioned com-
pounds consistently increase a nonREMS state with
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high spindling activity, may indicate that GABAx re-
ceptors are not involved in the genesis of delta oscilla-
tions. To investigate the role of the GABAA receptor
complex in the regulation of sleep and sleep EEG in
more detail, we administered muscimol to rats, a drug
that selectively interacts with the GABA binding site on
the GABA receptor. The effects on sleep-wake behav-
ior and sleep EEG were examined and compared to the
changes induced by midazolam, a benzodiazepine-ago-
nistic modulator of GABA 4 receptors.

MATERIALS AND METHODS
Experimental Procedure

Sixteen adult, male Wistar rats (Charles River Laborato-
ries, Germany) were used for the experiments. The rats
were housed individually in a ventilated, sound-attenu-
ated Faraday room under a 12-hour light/12-hour dark
schedule (lights on from 8.30 to 20.30 h, 50-120 lux) at
an ambient temperature of 21 to 23°C. Food and water
were available ad libitum.

Under deep inhalation halothan (Hoechst) anesthe-
sia, rats were implanted with four stainless steel screws
for epidural EEG recording (electrode positions: frontal
cortex 3.9 A, = 2 L and occipital cortex 6.4 P, = 4 L rela-
tive to the bregma), and two stainless steel wires were
inserted under the neck muscles for EMG recording.
The leads were connected to a socket, which was fixed
on the skull by dental acrylic cement. At least 2 weeks
were allowed for recovery from surgery and 4 days to
adapt to the recording conditions.

Experiment 1.  Eight rats, with a body weight of 290 to
370 g at the beginning of the experiment, were sub-
jected to four experimental conditions in random order.
Each condition consisted of an 8-hour recording period,
beginning at lights on, preceded by a 12-hour dark pe-
riod control recording. The time between the conditions
was at least 3 days. The experimental conditions were:
(1) no injection (baseline); (2) injection of vehicle (0.4
ml/kg pyrogen-free saline); (3) 3 mg/kg midazolam
(Hoffmann-La Roche, Germany) and (4) 0.2 mg/kg
muscimol [Sigma, Germany; dissolved in pyrogen-free
saline (0.5 mg/ml)].

Experiment 2.  Eight rats, with a body weight ranging
from 270 to 470 g at the start of the experiment, were
subjected to two experimental conditions in random or-
der. Each condition started with a 12-hour dark period
control recording, followed by a 6-hour experimental
recording, beginning at light onset. The time between
the experiments was at least 2 days. The experimental
conditions were: (1) injection of vehicle (1 ml/kg pyro-
gen-free saline), and (2) 0.4 mg/kg muscimol [dissolved
in pyrogen-free saline (0.4 mg/ml)]. All injections were
given intraperitoneally (IP) at 8.30 h. The experimental
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protocols were approved by the local commission for
animal welfare.

Recording

The EEG signal was derived from a frontal electrode
and the contralateral occipital electrode. The remaining
occipital electrode served as ground. All signals were
transmitted by cable. The EEG and EMG signals were
amplified and filtered (EEG, high pass 0.3 Hz and low
pass 29 Hz, 48 dB/oct; EMG, high pass 16 Hz and low
pass 3000 Hz, 6 dB/oct). Both the EEG and the rectified
and integrated EMG were digitized with a sampling
rate of 64 Hz. The EEG recordings were subjected to an
on-line fast Fourier transform routine (cosine taper) run
on a Macintosh Quadra 900. A power spectrum was
computed for the frequencies between 0.5 and 25.5 Hz
(0.5-Hz bins in the 0.5 to 4.5-Hz frequency range and
1-Hz bins for the higher frequencies) for 2-s windows.
Power spectra were averaged over 10-s epochs. An off-
line program displayed the 10-s epochs of raw EEG and
of rectified and integrated EMG on screen for the man-
ual scoring of the states wakefulness, nonREMS, and
REMS (see Neckelmann and Ursin 1993 for scoring cri-
teria). All data were scored by Marike Lancel.

Data Analysis and Statistics

For both vehicle conditions the time course of the vigi-
lance states over 2-hour intervals was analyzed by
means of a repeated-measures analysis of variance
[ANOVA, General Linear Model Procedures, Green-
house Geisser correction (SAS/STAT 1987)]. Differences
in the amount of the vigilance states between vehicle
and other experimental conditions were tested with a
two-factor repeated-measures ANOVA, with the factors
time (2-hour intervals) and condition (vehicle versus
another condition).

For each experimental condition nonREMS latency
(arbitrarily defined as the 20th epoch of nonREMS),
REMS latency (arbitrarily defined as the third epoch of
REMS), the average length of nonREMS episodes (com-
puted over all nonREMS episodes, interruptions <10 s
were allowed), and REMS episodes, as well as the num-
ber of episode occurrences, were determined. These
data were analyzed with a two-sided, paired t-test.

For nonREMS, average EEG power densities were
computed per 2-hour interval and for REMS, to avoid
missing values, per 4-hour interval (experiment 1) or
6-hour interval (experiment 2). For standardization
these values were expressed relative to the average
power density within the same frequency band and vig-
ilance state recorded during the preceding 12-hour con-
trol dark period and were then log-transformed. For the
vehicle condition of experiment 1, a separate analysis
was made of the time course of state-specific EEG
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power density by subjecting the data of each frequency
band and each sleep state to a one-factor repeated-mea-
sures ANOVA. Differences between vehicle and other
conditions were tested with a two-factor repeated-mea-
sures ANOVA, with the factors time (2- or 4-hour inter-
vals) and condition, and for REMS in experiment 2 (6-
hour intervals) only with the factor condition.

For the analysis of changes in the intra-episodic time
course of delta activity and sigma activity, all nonREMS
episodes that were preceded by two or more 10-s ep-
ochs of wakefulness and lasted at least ten 10-s epochs
were selected from the first 4 hours of all experimental
conditions. Delta activity (0.5~4 Hz) and sigma activity
(11-16 'Hz) were computed for each epoch of the se-
lected episodes. The values were averaged over the se-
lected episodes and then expressed in percent of the av-
erage delta and sigma activity within nonREMS during
the preceding 12-hour control dark period. Thereafter,
these values were log-transformed. The data of the last
epoch of wakefulness and the first 9 epochs of non-
REMS were used in the analysis. For the vehicle condi-
tions of both experiments the time course of intra-epi-
sodic delta and sigma activity was analyzed by means
of a one-factor repeated-measures ANOVA. Differences
between vehicle and other conditions were tested by
entering the data in a two-factor repeated-measures
ANOVA, with the factors time (10-s epochs) and condi-
tion. Post hoc testing was done by means of two-sided,
paired f-tests.

RESULTS
Duration of the Vigilance States

The analysis of the vehicle condition of experiment 1 re-
vealed a significant effect only of the factor time for
REMS (see Table 1 for 2-hour data and statistics). Pair-
wise comparison of the amount of REMS between suc-
cessive 2-hour intervals showed a significant increase
from interval 34 to interval 5-6 (p < .009). During
baseline the amounts and distribution of the vigilance
states were similar to those for vehicle (Table 1, Figure
1). Midazolam significantly promoted nonREMS over
the 8-hour recording period (Figure 1) because of a
marked increase during interval 3—4 (Table 1). It signifi-
cantly decreased REMS over the 8-hour period (Figure
1). The decrease occurred mainly during interval 1-2,
although a tendency toward a decrease was still present
during interval 34 (p < .06) (Table 1). Midazolam also
affected the distribution of REMS. Comparison of suc-
cessive 2-hour intervals revealed significant increases in
REMS over intervals 1-2, 34, and 5-6. Muscimol (0.2
mg/kg) significantly reduced wakefulness during the
8-hour recording period (Figure 1), an effect primarily
due to a decrease during the second 2-hour interval (Ta-
ble 1). For the vehicle condition of experiment 2 a time
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Table 1. Vigilance States (% of recording time per 2-hour interval)

NEUROPSYCHOPHARMACOLOGY 1996—VOL. 15, NO. 1

Time by
Condition State 1-2 34 56 7-8 Time Condition* Condition*
VEH Wake 39.3 41.3 257 344 NS — —
(11.2) (10.6) (14.6) (10.9)
NonREMS 539 493 60.2 527 NS — —
(9.6) 9.6) (10.2) (8.9)
REMS 6.8 9.4 142 129 p < .0009 — —_
(2.8) (5.4) (5.7) (b)) F=112
BAS Wake 40.2 38.3 303 314 NS NS NS
(15.1) (13.6) (11.2) (10.0)
NonREMS 534 51.7 56.9 55.5 NS NS NS
(13.6) (10.5) (10.0) (7.8)
REMS 6.4 10.1 128 13.1 p <.0001 NS NS
(3.3) 48) (.7) (43) F=21
MID Wake 42.5 342 223 341 p< .01 NS NS
(11.8) (11.4) (6.8) (114) F=52
NonREMS 574 61.5* 642 513 NS p < .03 NS
(11.7) 99 (7)) (78 F=79
REMS Q.2%4* 4.4 13.6 145 p <.0001 p<.03 p<.01
0.2) (36) (48) (6.6) F=269 F=76 F=62
MUS Wake 39.9 27.1** 317 262 NS p < .04 NS
(0.2 mg/kg) (20.4) (5.7) (13.4) (8.7) F=64
NonREMS 537 59.5 552 583 NS NS NS
(17.5) (81) (10.3) (6.8)
REMS 6.4 13.3 132 155 p <.0001 NS NS
(4.4) 38) (.0) (59) F=149
df (3,21) df (1,7) df (3,21)
VEH Wake 47.7 31.5 28.6 NS
174y (165) (11.9)
NonREMS 451 55.2 56.3 NS
(13.8) (12.3)  (9.6)
REMS 7.2 13.3 15.1 p < .004
(3.8) (4.8) (39 F =286
MUS Wake 33.2%* 36.0 23.7 NS p < .005 NS
(0.4 mg/kg) (9.4) (11.5)  (9.8) =159
NonREMS  57.2* 50.0 58.4 NS p<.03 NS
(7.6) (8.8) (6.6 F=77
REMS 9.5 14.0 18.0 p<.0001 p<.05 NS
(2.2) 32y @1 F =181 F=56
df (2,14) df (1,7) df (2,14)

Abbreviations: VEH = vehicle, BAS = baseline; MID = midazolam, and MUS = muscimol.

Distribution of the vigilance states over 2-hour intervals (n = 8). SD values are in parentheses, and the re-
sults of the two-factor repeated-measures ANOVA run on the 2-hour interval values (NS = nonsignificant).
Post hoc testing was done by means of a two-sided, paired ¢-test, and significant differences are indicated by

*p <.05,**p < .01 and ***p < .001.
Condition, vehicle versus another condition.

effect was found for REMS. In this group of rats a sig-
nificant increase in REMS occurred from interval 1-2 to
interval 3-4 (p < .03). Muscimol (0.4 mg/kg) affected all
vigilance states. During the 6-hour recording period
wakefulness was significantly reduced, whereas non-
REMS and REMS levels were above those for the vehicle
(Figure 1). The changes in wakefulness and nonREMS
mainly occurred during the first 2-hour interval (Table
1). The increase in REMS spread over all 2-hour inter-
vals and never reached statistical significance.

Sleep Latency, Frequency and Average Duration of
the Sleep Episodes

The baseline data did not differ in any respect from the
vehicle data (Table 2). Midazolam significantly short-
ened nonREMS latency and lengthened REMS latency.
Furthermore, it increased the number of nonREMS epi-
sodes as a tendency (p < .06) and significantly reduced
the frequency of REMS episodes. Under the muscimol
(0.2 mg/kg) condition fewer nonREMS episodes oc-
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Figure 1. Duration of the vigilance states during the 8-hour
recording period for baseline (solid bars), midazolam (open bars),
and muscimol 0.2 mg/kg (widely striped bars), and during
the 6-hour recording period for muscimol (0.4 mg/kg) (nar-
rowly striped bars). The data are expressed as deviation from
vehicle (% time vehicle — % time other condition), (n = 8,
*+ SEM). Significant differences from vehicle are indicated by
*(p < .05, two-sided, paired t-test). RT, recording time.

curred, but the average duration was significantly in-
creased. Muscimol (0.4 mg/kg) also tended to lengthen
the duration of the nonREMS episodes (p < .1).

EEG Power Density within nonREMS and REMS

In Figures 3A and 3B average EEG power spectra of the
vehicle condition of experiment 1 are plotted per 2-hour

Table 2. Sleep Latency and Episode Parameters
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interval for nonREMS and per 4-hour interval for
REMS. The data are expressed relative to the values of
the first interval. For nonREMS, a significant effect of
the factor time (p < .05) emerged for all frequency bands,
except 20 Hz. Low-frequency EEG activity (= <9 Hz)
declines markedly across the 8-hour recording period,
whereas EEG activity in the higher frequencies tends to
increase after an initial small decrease. For REMS a sig-
nificant time effect was found for some frequency
bands. Compared to the first 4-hour interval, EEG activ-
ity within these frequencies slightly increases during the
second 4-hour interval. The baseline data did not differ
from those for vehicle. ANOVAs run on nonREMS-spe-
cific EEG activity during midazolam and vehicle ad-
ministration revealed significant condition effects for 3
to 10 Hz and 15 to 25 Hz and significant interaction ef-
fects between condition and time for the frequencies be-
tween 2.5 to 11 Hz and 13 to 25 Hz. Over the 8-hour
recording period low-frequency EEG activity was gen-
erally reduced, whereas high-frequency activity was
markedly enhanced (Figure 2A). Reductions in low-fre-
quency EEG activity were limited to interval 1-2,
whereas enhancements in high-frequency activity were
still present during interval 3—4 (Figure 3C). For REMS
significant condition effects emerged for the frequency
regions 4 to 6Hz, 11 to 14 Hz, and 18 to 25 Hz, and sig-
nificant interaction effects were found for 4 Hz and for
the frequency bands from 19 to 25 Hz. Over the 8-hour
recording period EEG activity was enhanced in all these
frequency bands (Figure 2B). The enhancements were
most prominent during interval 14 but still significant
during interval 5-8 (Figure 3D). The analysis of EEG ac-
tivity within nonREMS under the muscimol (0.2 mg/
kg) condition revealed hardly any significant condition
effect (Figure 2C). However, significant interaction ef-

MUS (0.2 mg/ MUS (0.4 mg/
VEH (8 h) BAS (8 h) MID (8 h) kg, 8 h) VEH (6 h) kg, 6 h)

NonREMS
Latency (minutes) 32.6 31.0 11.2% 38.7 29.5 244
(17.9) (15.3) (4.5) (28.9) (13.5) (8.3)
Epidose duration (minutes) 2.6 27 2.6 3.0* 29 32
(0.5) (0.3) (0.6) (0.3) (0.4) (0.3)
Episode frequency 103.0 100.1 114.7 92.3* 65.7 63.2
(16.7) (15.9) (25.3) (13.3) (7.5) (9.1)

REMS

Latency (minutes) 57.2 57.8 160.8** 604 67.0 49.5
(23.3) (21.7) 49.9) (30.6) (32.4) (15.7)
Episode duration (minutes) 1.3 1.3 14 15 1.5 1.8
0.4) (0.3) 0.2) (0.3) (0.4) 0.4)
Episode frequency 38.5 39.4 29.1% 40.4 28.7 27.6
(12.4) (11.6) (9.3) (13.1) (7.1) (5.3)

Abbreviations: VEH = vehicle, BAS = baseline, MID = midazolam, MUS = muscinol.
The data represent mean values (1 = 8). SD values are in parentheses. Differences from vehicle were tested with a two-sided, paired t-test and are

indicated by *p < .05.
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Figure 2. EEG power densities within nonREMS (left panels) and REMS (right panels) over the 8-hour recording period for
midazolam (A, B) and muscimol 0.2 mg/kg (C, D) and over the 6-hour recording period for muscimol 0.4 mg/kg (E, F).
Curves connect mean values (1 = 8, £ SEM). For each animal and each frequency band average power densities were com-
puted, normalized (see Materials and Methods), and then expressed in percent of the average power densities of the corre-
sponding frequency and vigilance state of vehicle. Shaded areas indicate the frequencies for which the ANOVA run on the
2-hour, log-transformed values revealed a significant effect of the factor condition.

fects between condition and time emerged for 0.5 Hz
and 2 to 4.5 Hz. Small, nonsignificant enhancements
during the first three 2-hour intervals result in a steeper
decline of low-frequency EEG activity in the course of
the 8-hour recording period than during vehicle (Figure
3E). For REMS no significant effects emerged (Figures
2D, 3F). For nonREMS under muscimol (0.4 mg/kg)

condition effects were observed for 0.5 to 7 Hz, 9 Hz, 22
Hz, and 25 Hz and interaction effects for 9 Hz, 11 to 12
Hz, 15 Hz, 17 Hz, and 20 to 25 Hz. Over the 6-hour re-
cording period EEG activity was enhanced in all these
frequencies, most prominently in the delta frequency
range (Figure 2E). The enhancements were limited to
interval 1-2 (Figure 3G). For REMS significant enhance-
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ments were observed for 2.5 to 5 Hz, 10 to 11 Hz, and 14
to 25 Hz (Figure 2F).

Development of Delta and Sigma Activity within
nonREMS Episodes

The ANOVA run on the log-transformed data of the
two vehicle conditions revealed significant effects of the
factor time for both frequency bands [experiment 1,
delta: Fg3) = 82.2, p < .0001 and sigma: Fg 63 = 39.0,
p < .0001; experiment 2, delta: Fg ¢3) = 118.4, p < .0001
and sigma: F9 3y = 48.8, p < .0001], reflecting a rising
trend (Figures 4A, 4B). The temporal development of
delta and sigma activity during baseline did not differ
from that for vehicle. ANOVAs run on the midazolam
and vehicle data showed significant condition effects
for delta and sigma activity [delta activity: Fq,7) = 41.0,
p < .0004; sigma activity: F17 = 20.2, p < .003]. Delta
activity was similar to vehicle activity during wakeful-
ness preceding nonREMS (Figure 4A). Delta activity
rose during the transition from wakefulness to non-
REMS but was below vehicle during all nine epochs of
nonREMS. In contrast, sigma activity was slightly in-
creased during the last epoch of wakefulness and mark-
edly enhanced during all nine epochs of nonREMS.
Muscimol (0.2 mg/kg) did not significantly affect the
intra-episodic development of delta and sigma activity.
For muscimol (0.4 mg/kg) a significant condition effect
emerged for delta activity [F,7 = 13.7, p < .008]. Delta
activity was unchanged during wakefulness, but en-
hanced during all epochs of nonREMS (Figure 4B). For
sigma activity a significant condition and interaction ef-
fect was found [condition: Fi17, = 16.6, p < .005 and
condition by time: Fg63 = 2.9, p < .04]. Sigma activity
was slightly enhanced during the last epoch of wakeful-
ness and increased more rapidly during the transition
from wakefulness to nonREMS. In the course of the
nonREMS episode the enhancement of sigma activity
decayed and during epochs 8 and 9 sigma activity was
similar to vehicle activity.

DISCUSSION

The present data demonstrate prominent effects of mus-
cimol and midazolam, both GABAA agonists, on the
duration of the sleep states and sleep state-specific EEG.
This study also shows that GABA agonists that inter-
act with different binding sites of the GABA 4 receptor
complex affect sleep and sleep EEG differentially.

Muscimol

In accordance with an earlier study (Mendelson and
Martin 1990), both doses of muscimol were devoid of a
nonREMS latency-reducing effect (Table 2). Muscimol
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increased the amount of nonREMS and REMS dose de-
pendently (Table 1, Figure 1). The promotion of both
sleep states was mainly associated with a lengthening
of the nonREMS and REMS episodes (Table 2). Thus,
muscimol increases the time spent sleeping and sleep
maintenance. In previous studies muscimol did not in-
fluence the amount of sleep (Mendelson and Martin
1990; Mendelson and Monti 1993). The lower doses
(0.05 and 0.1 mg/kg) and the short registration time of 2
hours may explain this discrepancy. Muscimol also al-
tered EEG activity within nonREMS in a dose-depen-
dent manner. The lower dose of muscimol induced
slight enhancements in delta activity (Figures 2C, 3E).
The higher dose strongly enhanced the EEG activity in
the 0.5 to 12 Hz frequency range and in some higher fre-
quencies during the first 2 hours (Figure 3G). The larg-
est enhancements occurred in the delta frequencies. Be-
cause delta activity within nonREMS is normally maximal
during the first hours of the light period (Borbély et al.
1984; Franken et al. 1991; Lancel et al. 1994), as is the
case in our vehicle data (Figure 3A), a further increase
of 20% to 30% denotes very high absolute delta activity.
Although in earlier studies on muscimol no EEG spec-
tral analysis was performed, mention has been made of
hypersynchronous EEG activity (Mendelson and Mar-
tin 1990; Mendelson and Monti 1993). The observation
that awakening thresholds increase with higher levels
of delta activity (Neckelmann and Ursin 1993) indicates
that muscimol potently intensifies nonREMS. The present
study demonstrates the involvement of GABA 4 recep-
tors in the genesis of delta waves. Apparently, the selec-
tive interaction of muscimol with GABA 4 receptors hy-
perpolarizes the Vm of thalamic and/or cortical neurons
into the range where delta oscillations are potentiated.
It has been postulated that the hyperpolarization in-
duced by GABAA receptors is not negative enough to
trigger delta oscillations (Benington and Heller 1995).
However, in intact animals thalamic neurons have a
resting Vm of about —60 mV (Paré et al. 1991; Steriade
et al. 1991; Nufiez et al. 1992), and GABA, inhibition
readily attains levels below —74 mV (Paré et al. 1991).
Such a hyperpolarization may well suffice to de-inacti-
vate LTSs to about 90% (Jahnsen and Llinas 1984). The
neurophysiological finding that an increase in hyperpo-
larization of Vm switches thalamocortical cells from
spindle oscillations toward delta oscillations (Steriade
et al. 1991, 1993; Nuriez et al. 1992) implies a mutual ex-
clusion between spindles and delta waves. Thalamic
EEG recordings in cats and cortical EEG recordings in
humans during normal sleep and after sleep depriva-
tion (SD) indeed showed an inverse relation between
sigma/spindle activity and delta activity in the course
of nonREMS episodes (Lancel et al. 1992; Dijk et al.
1993). The muscimol-induced enhancement of delta ac-
tivity is not associated with a parallel attenuation of
sigma activity: the analysis of 2-hour averages (Figure
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3E), as well as the analysis on a smaller time scale (Fig- and in the frequencies around 10 Hz and above 14 Hz
ure 4B), reveal a simultaneous enhancement of delta (Figures 2D, 3H). The prominent enhancements in high-
and sigma activity. Possibly, muscimol potentiates delta  frequency activity are especially reminiscent of the effects
oscillations in the cortex and spindle oscillations in the  of benzodiazepines on REMS-specific EEG (Borbély et al.
thalamus (Steriade, personal communication). EEG ac-  1985; Lancel et al. 1994) and suggest a common GABA
tivity within REMS was also dose-dependently affected  agonistic modulation of neuronal activity during REMS.
by muscimol. After the higher dose of muscimol en- All muscimol-induced changes in the amount of
hancements emerged in the higher delta frequencies sleep, sleep continuity, and nonREMS-EEG enhance-

Figure 3. EEG power densities within nonREMS (left panels) for each 2-hour interval and within REMS (right panels) for each
4-hour interval or over 6 hours during the vehicle condition of experiment 1 (A, B), midazolam (C, D), muscimol 0.2 mg/kg
(E, F) and muscimol 0.4 mg/kg (G, H). Curves connect mean values (7 = 8). For each animal, interval and frequency band
EEG power density was first normalized and then expressed relative to a reference (100%). For vehicle, the reference is the value
of the same sleep state and frequency band during the first interval and for the other conditions, the reference is the value of
the corresponding time interval during vehicle. Statistics were done on log-transformed data. Dots below the abscissa refer
to frequency bands. Solid bars and * on the dotted lines indicate significant interval effects for the vehicle condition (one-
factor repeated-measures ANOVA) and significant differences between vehicle and other conditions (p < .05, two-sided,
paired t-test).
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ments over almost the entire frequency range, with
peak values in the 2 to 3-Hz region that diminish across
time, as well as the increase in rise rate and maximal
level of delta activity within nonREMS episodes are
qualitatively similar to the effects of SD in the rat (Bor-
bély et al. 1979, 1984; Lancel and Kerkhof 1989; Franken
et al. 1991). The present data document for the first time
that muscimol produces sleep with the characteristics of
“natural” sleep. In this regard pharmacological stimula-
tion of the GABA-binding site on GABAA receptors
may have therapeutic interest in sleep disturbances.

Midazolam

Midazolam shortened nonREMS latency and increased
the amount of nonREMS (Tables 1, 2, Figure 1). These
are well-known hypnotic effects of benzodiazepines
(Gaillard et al. 1973; Johnson et al. 1979; Borbély et al.
1985; Dijk et al. 1989; Mendelson and Martin 1990; Lan-
cel et al. 1994). The increase in nonREMS was brought
about by the occurrence of more nonREMS episodes
(Table 2), which suggests that midazolam does not pro-
mote sleep maintenance in the rat. Simultaneously, mi-
dazolam strongly suppressed the occurrence of REMS
episodes during the first 4 hours (Tables 1 and 2). A
temporary inhibition of REMS has repeatedly been re-
ported for benzodiazepines (Borbély et al. 1985; Dijk et
al. 1989; Mendelson and Martin 1990; Lancel et al. 1994).
Midazolam also affected sleep state-specific EEG power
densities. Within nonREMS low-frequency EEG activity
(=11 Hz) was reduced and high-frequency activity
(=13 Hz) markedly enhanced (Figures 2A, 3C). The
analysis of the intra-episodic time course of delta and
sigma activity showed that in the course of the non-
REMS episodes delta activity remained at a lower level,
whereas sigma activity was persistently higher than ve-
hicle activity (Figure 4A). These data are in accordance
with the hypothesized inverse relation between delta
activity and sigma activity. The midazolam-induced de-
crease in delta activity and elevation in sigma activity
agree with earlier reports on benzodiazepines (Gaillard
et al. 1973; Johnson et al. 1979; Borbély et al. 1985; Dijk
et al. 1989; Lancel et al. 1994). Benzodiazepines possibly
stimulate spindle oscillations and as a consequence in-
hibit the genesis of delta oscillations. For instance, the
benzodiazepine agonistic modulation of GABA 4 recep-
tor functioning might enhance the removal of inactiva-
tion of LTSs, resulting in large rebound burst discharges
of thalamocortical and cortical neurons, which are
transferred back to and excite the RE. More likely, ben-
zodiazepines may primarily depress delta activity and
thereby enable spindling. It has recently been shown
that pentobarbital, a GABA » agonistic barbiturate, abol-
ishes delta oscillations, although it hyperpolarizes the
Vm of thalamic cells into the range optimal for the oc-
currence of delta oscillations (Nufiez et al. 1992). The
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authors hypothesized that the barbiturate-induced in-
crease in membrane permeability might unbalance the
necessary interaction between the currents ITh and It.
Similar mechanisms may underlie the effects of benzo-
diazepines. In accordance with a previous study (Lan-
cel et al. 1994), midazolam also changed the EEG activ-
ity within REMS. EEG activity in the 3.5 to 5-Hz
frequency and most prominently in the frequencies =11
Hz were enhanced during the entire 8-hour recording
period (Figures 2B, 3D). These alterations are compara-
ble with the effects of a short SD in rats (Tobler and Bor-
bély 1990). Because midazolam initially suppresses the
occurrence of REMS, one might argue that a slight in-
crease in the pressure for REMS underlies these effects.
The observation that muscimol affects REMS-specific
EEG activity similarly does not necessarily make this
explanation unlikely, considering the fact that musci-
mol increased the total amount of REMS, an effect usu-
ally observed after SD (Borbély et al. 1984; Tobler and
Borbély 1990; Franken et al. 1991).

Muscimol versus Midazolam

The present study demonstrates that muscimol and mi-
dazolam have strikingly different effects on sleep archi-
tecture and sleep EEG. Various explanations for the ob-
served discrepancies exist. For example, they have
different effects on GABA4 receptor functioning: Mus-
cimol probably binds to all GABA-recognition sites on
the GABA 4 receptor and thereby evokes the opening of
chloride channels of longer opening durations that are
usually opened at higher GABA concentrations (for re-
view, see Macdonald and Olsen 1994). In contrast, ben-
zodiazepines enhance the binding of GABA to a low-af-
finity binding site, resulting in an increase of chloride
current by increasing the frequency of channel opening,
without altering the open duration (for review, see Mac-
donald and Olsen 1994). Furthermore, muscimol is a
poor substrate for uptake mechanisms and may there-
fore evoke a more tonic hyperpolarization than GABA
itself. In addition, GABA receptors are composed of a
combination of at least five different polypeptide sub-
units (a, B, v, 8, p) with various subunit subtypes. Thus,
multiple isoforms of GABA4 receptors exist, each with
its own physiological and pharmacological properties
and distribution in the CNS (for review, see Deutsch et
al. 1992; Kuriyama et al. 1993; Macdonald and Olsen
1994). It is highly likely that muscimol activates all
functional GABA 4 receptors, whereas benzodiazepines
only enhance activation of certain types of GABA, re-
ceptors, each with its own regional distribution (for
review, see Deutsch et al. 1992; Macdonald and Olsen
1994).

The present muscimol data indicate a role of GABA A
receptors in the induction and/or maintenance of the
sleep states and in the genesis of both spindles and
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delta waves within nonREMS. It has recently been
shown that the thalamic administration of GABAp an-
tagonists enhances light nonREMS and reduces deep
nonREMS in cats (Juhdsz et al. 1994). Thus, both fast
and slow IPSPs induced by GABA 5 and GABAg recep-
tors, respectively, are involved in the occurrence and/or
generalization of slow oscillations in Vm of thalamic
and cortical neurons during nonREMS. Furthermore,
the present study revealed that muscimol and mida-
zolam, both called GABA 4 agonists, have strikingly dif-
ferent effects on sleep states and sleep EEG. These data
suggest that the influence of compounds interacting
with the GABA receptor complex critically depend on
the receptor site to which they bind. Because muscimol
exclusively binds to the GABA recognition site of the
GABAA receptor, its effects on sleep may represent
physiological GABA 4 agonistic effects. In contrast, ben-
zodiazepines, barbiturates, and several endogenous ste-
roids bind to modulatory binding sites of the GABAA
receptor. At least concerning their effects on sleep, they
may not have the working mechanism nor the working
profile of a GABA4 agonist.
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