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Glycinergic and GABAA-Mediated Inhibition of Somatic
Motoneurons Does Not Mediate Rapid Eye Movement Sleep
Motor Atonia
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A hallmark of rapid eye movement (REM) sleep is a potent suppression of postural muscle tone. Motor control in REM sleep is unique
because it is characterized by flurries of intermittent muscle twitches that punctuate muscle atonia. Because somatic motoneurons are
bombarded by strychnine-sensitive IPSPs during REM sleep, it is assumed that glycinergic inhibition underlies REM atonia. However, it
has never been determined whether glycinergic inhibition of motoneurons is indeed responsible for triggering the loss of postural muscle
tone during REM sleep. Therefore, we used reverse microdialysis, electrophysiology, and pharmacological and histological methods to
determine whether glycinergic and/or GABAA-mediated neurotransmission at the trigeminal motor pool mediates masseter muscle
atonia during REM sleep in rats. By antagonizing glycine and GABAA receptors on trigeminal motoneurons, we unmasked a tonic
glycinergic/GABAergic drive at the trigeminal motor pool during waking and non-rapid eye movement (NREM) sleep. Blockade of this
drive potently increased masseter muscle tone during both waking and NREM sleep. This glycinergic/GABAergic drive was immediately
switched-off and converted into a phasic glycinergic drive during REM sleep. Blockade of this phasic drive potently provoked muscle
twitch activity in REM sleep; however, it did not prevent or reverse REM atonia. Muscle atonia in REM even persisted when glycine and
GABAA receptors were simultaneously antagonized and trigeminal motoneurons were directly activated by glutamatergic excitation,
indicating that a powerful, yet unidentified, inhibitory mechanism overrides motoneuron excitation during REM sleep. Our data refute
the prevailing hypothesis that REM atonia is caused by glycinergic inhibition. The inhibitory mechanism mediating REM atonia therefore
requires reevaluation.
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Introduction
A defining feature of mammalian rapid eye movement (REM)

sleep is a potent suppression of postural muscle tone. Compared
with waking and non-rapid eye movement (NREM) sleep, motor
control in REM sleep is unique because it is characterized by
flurries of periodic muscle twitches that punctuate REM sleep
atonia. Determining the neural mechanisms mediating muscle
atonia is of major clinical importance because abnormal motor
control during REM sleep underlies some of the major sleep dis-
orders, including REM sleep behavior disorder (RBD), narco-
lepsy, obstructive sleep apnea (OSA) and bruxism.

There is considerable controversy concerning the neural
mechanisms generating muscle atonia in REM sleep. The prevail-
ing hypothesis is that glycinergic inhibition of somatic motoneu-
rons is responsible for loss of postural muscle tone in REM sleep

(Chase and Morales, 2005). This hypothesis stems from observa-
tions that trigeminal and lumbar motoneurons are hyperpolar-
ized by large amplitude IPSPs that are reduced, but not elimi-
nated by antagonism of glycine receptors (Soja et al., 1987; Chase
et al., 1989).

Studies of respiratory motor control in sleep, however, have
shown that neither glycinergic nor GABAA-mediated inhibition
at the hypoglossal motor pool mediates the typical suppression of
inspiratory genioglossus muscle activity during natural or
carbachol-induced REM sleep (Kubin et al., 1993; Morrison et al.,
2003). Although inspiratory muscle suppression in REM sleep is
not caused by glycinergic/GABAergic inhibition of respiratory
motoneurons, it has never been determined whether the REM-
specific IPSPs recorded from nonrespiratory motoneurons (e.g.,
trigeminal) are in fact responsible for triggering REM atonia in
postural muscles.

We aimed to determine whether masseter muscle atonia dur-
ing REM sleep is caused by glycinergic and/or GABAA-mediated
inhibition of trigeminal motoneurons in freely behaving rats. The
trigeminal-masseteric motor system was used because trigeminal
motoneurons innervate masseter muscles, which are postural
muscles that are affected by, and contribute to, the pathogenesis
of several sleep disorders including RBD, OSA, cataplexy/narco-
lepsy, and bruxism (Guilleminault et al., 1974; Horner, 1996;
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Schenck and Mahowald, 2002; Kato et al., 2003). Importantly, the
glycinergic and GABAergic control of trigeminal motoneurons
has also been well documented during natural REM (Soja et al.,
1987; Chase et al., 1989).

We used reverse-microdialysis, electrophysiology, neuro-
pharmacological and histological techniques to determine
whether changes in glycinergic and GABAA-mediated neuro-
transmission at the trigeminal motor pool are responsible for loss
of masseter muscle tone during REM sleep. First, we identified
the presence of a tonic glycinergic and GABAergic tone at the
trigeminal motor pool during waking and NREM sleep by antag-
onizing glycine and GABAA receptors on trigeminal motoneu-
rons. Then, we demonstrated that this tonic inhibitory tone is
transformed into a phasic glycinergic drive in REM sleep. Block-
ade of glycinergic and GABAA-mediated inhibition at the trigem-
inal motor pool during REM sleep triggered a potent increase in
periodic muscle twitches; however, it did not prevent REM
atonia. Our data therefore confirm the presence of a phasic gly-
cinergic drive during REM sleep; however, they do not support
the prevailing hypothesis that glycinergic inhibition of motoneu-
rons is responsible for postural muscle atonia in REM sleep.

Materials and Methods
Animals
Rats were housed individually and maintained on a 12 h light/dark cycle
(lights on at 7:00 A.M. and off at 7:00 P.M.) and both food and water were
available ad libitum. All procedures and experimental protocols were
approved by the University of Toronto’s animal care committee and were
in accordance with the Canadian Council on Animal Care.

Surgical preparation for sleep and microdialysis studies
Studies were performed using 19 male Sprague Dawley rats (average
weight: 342 � 10 g). To implant electroencephalographic (EEG) and
electromyographic (EMG) electrodes and a microdialysis probe, sterile
surgery was performed under anesthesia induced with intraperitoneal
ketamine (85 mg/kg) and xylazine (15 mg/kg), and maintained with
additional anesthesia given by inhalation (isoflurane, 0.5–2%). Effective
depth of anesthesia was determined by the abolishment of the pedal
withdrawal and blink reflexes. Body temperature was monitored with a
rectal probe (CWE, Ardmore, PA) and maintained at 37 � 1°C.

Three insulated, multistranded stainless-steel wire EMG electrodes
(Cooner Wire, Chatsworth, CA) were implanted into the left and right
masseter muscles. The wires were tunneled subcutaneously to an incision
along the dorsal surface of the cranium. Three EMG electrodes were also
inserted into the nuchal muscle. Four stainless-steel screws (JI Morris,
Southbridge, MA), attached to insulated 34 gauge wire (Cooner Wire)
were implanted in the skull for recording cortical EEG activity; their
coordinates were 2 mm rostral and 2 mm to the left and right of bregma,
and 3 mm caudal and 2 mm to the left and right of bregma. An additional
reference electrode was also secured onto the skull; its position was 9.4
mm caudal and 0.5 mm lateral to bregma.

To implant a microdialysis probe into the left trigeminal motor nu-
cleus a �2 mm burr hole was made at 9.4 mm caudal and 1.8 mm lateral
to bregma (Paxinos and Watson, 1998). A microdialysis guide probe
(CMA, St. Laurent, Quebec, Canada) was then lowered 8.2 mm below the
skull surface by stereotaxic manipulation. Dental cement (1234; Lang
Dental, Wheeling, IL) secured the probe in place and after the cement was
dry, EEG and EMG electrodes were connected to pins (Allied Electronics,
Fort Worth, TX) and inserted into a custom-made head plug (Allied
Electronics) that was affixed to the skull with dental cement.

After surgery, rats were given an intraperitoneal injection of 0.03
mg/kg buprenorphine and kept warmed by a heating pad. They were also
given a dietary supplement (i.e., Nutri-Cal) and soft food for the subsequent
2 d. Rats recovered for at least 7–10 d before experimental testing began.

Experimental procedures for sleep and microdialysis studies
Recording environment. During experiments, animals were housed in
Raturn system (BioAnalytical Systems, West Lafayette, IN), which is a

movement-responsive caging system eliminating the need for a commu-
tator or liquid swivel. This caging system was housed inside a sound-
attenuated, ventilated, and illuminated (lights on: 110 lux) chamber.

Electrophysiological recordings. EEG and EMG activities were recorded
by attaching a lightweight cable to the plug on the rat’s head, which was
connected to a Super-Z head-stage amplifier and BMA-400 AC/DC Bio-
amplifier (CWE). The EEG signal was amplified 1000 times and bandpass
filtered between 1 and 100 Hz. EMG signals were amplified between 500
and 1000 times and bandpass filtered between 30 Hz and 30 kHz. All
electrophysiological signals were digitized at 500 Hz (Spike 2 software,

Figure 1. Microdialysis probes were located in the left trigeminal motor pool. A, Group data
showing that AMPA perfusion increased left masseter (LM) but not right masseter (RM) tone,
indicating that the probe was located in the left motor pool. Top, A representative trace showing
LM and RM EMG tone before and during AMPA perfusion into the left trigeminal nucleus. The
AMPA effect on LM tone is indicated by an arrow. Ba, Example of a lesion site left by a microdi-
alysis probe in the left trigeminal motor pool. Bb, Bc, Sections immediately flanking the rostral
and caudal borders of the trigeminal nucleus; no lesion was found in these areas, demonstrating
that the probe was located exclusively within the motor pool. Scale bars, 500 �m. C, Filled
circles represent the location of probe lesions in the left trigeminal nuclei in the 19 rats used in
this study. The asterisk indicates a significant change ( p � 0.05) in activity from baseline
levels. A.U., Arbitrary units. All values are mean � SEM.
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1401 interface; Cambridge Electronic Design, Cambridge, UK) and
monitored and stored on a computer.

Microdialysis probe. A microdialysis probe was used to perfuse candi-
date drugs into the trigeminal motor nucleus. The microdialysis probe
(34 kDa cutoff; membrane length and diameter, 1 mm by 250 �M; CMA)
was placed into the left trigeminal motor nucleus. The microdialysis
probe was connected to Teflon tubing (inside diameter, 0.12 mm; Eicom,
Kyoto, Japan), which was connected to a 1 ml gastight syringe via a liquid
switch (BioAnalytical Systems). The probe was continually perfused with
filtered (0.2 �m nylon; Fisher Scientific, Ottawa, Ontario, Canada) arti-
ficial CSF (aCSF) [containing (in mM) 125 NaCl, 5 KCl, 1.25 KH2PO4, 24
NaHCO3, 2.5 CaCl2, 1.25 MgSO2, 20 D-glucose] at a flow rate of 2 �l/min
using a syringe pump (BioAnalytical Systems).

Drug preparation. Strychnine [strychnine hydrochloride; formula
weight (FW), 370.9; Sigma, Oakville, Ontario, Canada], a glycine recep-

tor antagonist, bicuculline [(�)-bicuculline methochloride; FW, 444.87;
Tocris Bioscience, Ellisville, MO)], a GABAA receptor antagonist, glycine
(FW, 75.07; Tocris Bioscience), and muscimol (molecular weight,
121.31; Tocris Bioscience) a GABAA receptor agonist, were prepared in
aCSF. Each drug was made immediately before each experiment. The
AMPA receptor agonist (�-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid; FW, 186.17; Tocris Bioscience) was made in advance and
stored in stock solutions at �20°C. All drugs were vortexed and filtered
(0.22 �m polyvinylidene difluoride; Fisher Scientific) before use.

Experimental protocols
Each experiment took 2 d to complete. On the first day, at 8:00 –10:00
A.M., animals were placed into the sleep recording chamber and given at
least 1 h to habituate before they were connected to the electrical tether.
They were then given a minimum of 3 h to habituate to this before
recordings began. Baseline recordings (without the microdialysis probe
in place) were established on day 1 of experiments, between 1:00 and 4:00
P.M. The microdialysis probe was inserted between 5:00 and 7:00 P.M.
and aCSF perfused throughout the night. Probes were inserted the night
before experiments began because previous studies demonstrate that
probe insertion induces spontaneous neurotransmitter release and local
neuronal activation (Di Chiara, 1990; Kodama et al., 1998).

On the second day of experimentation, perfusion of candidate drugs
began at 8:00 –9:00 A.M. Drug treatments were randomized and no �3
drug treatments were given to any one animal. Each drug was applied
onto the trigeminal nucleus for 2– 4 h; this typically allowed sufficient
time for the animal to transition through 3 complete sleep cycles (i.e.,
wake to NREM to REM sleep). An aCSF washout period of at least 2 h
followed every drug treatment.

Study 1: is glycinergic inhibition of somatic motoneurons responsible for
REM atonia? To answer this question, we antagonized glycine receptors
by perfusing 0.1 mM strychnine into the left trigeminal motor pool while
monitoring left masseter muscle EMG activity during sleep and waking.
We used this concentration of strychnine because previous in vitro and in
vivo studies show that it antagonizes glycinergic neurotransmission on
somatic motoneurons (Song and Huang, 1990; Jonas et al., 1998; Mor-
rison et al., 2002).

Study 2: is GABAA-mediated inhibition of motoneurons responsible for
REM atonia? We antagonized GABAA receptors by applying 0.1 mM bicu-
culline into the left trigeminal motor pool while monitoring left masseter
muscle EMG activity across the sleep cycle. This dosage of bicuculline was
previously shown to antagonize GABAA-mediated neurotransmission
on somatic motoneurons in vitro and at the hypoglossal motor pool in
vivo (Jonas et al., 1998; Liu et al., 2003; Pagnotta et al., 2005).

Study 3: does REM atonia require concurrent glycinergic and GABAA-

Figure 2. There is an endogenous glycinergic drive at the trigeminal motor pool in waking
and NREM sleep, but not during tonic REM sleep. A, Raw EMG and EEG traces from one rat
showing that strychnine perfusion into the left trigeminal motor pool increased left masseter
muscle (LM) tone during waking and NREM sleep; this intervention did not affect the atonia of
tonic REM sleep. However, it did increase the left masseter muscle twitch amplitude during
phasic REM. B, Group data (n � 11) demonstrating that strychnine increased LM tone in QW
and NREM sleep, without changing levels of motor tone during tonic REM sleep. Although this
intervention consistently increased LM tone in AW, it was not statistically significant. C, Group
data (n � 101 REM periods) demonstrating that strychnine perfusion into the left trigeminal
motor pool increased left masseter muscle twitch amplitude during phasic REM sleep, without
significantly effecting either muscle twitch frequency or duration. *p � 0.05. A.U., Arbitrary
units; #/s, number muscle twitches per second. All values are mean � SEM.

Figure 3. The magnitude of masseter muscle activation by glycinergic and GABAergic an-
tagonists was unaffected by time. Group data (n � 11) demonstrating that strychnine, bicu-
culline, or strychnine/bicuculline perfusion into the left trigeminal motor pool increased left
masseter EMG tone by the same magnitude at the beginning (white bars) and end (gray bars) of
respective drug application periods. This finding demonstrates there was no time-dependent
changes in antagonist efficacy. All measurements were taken during NREM sleep and values are
mean � SEM.
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mediated inhibition of motoneurons? Because tri-
geminal motoneurons are inhibited by both gly-
cinergic and GABAergic inputs during REM
sleep (Soja et al., 1987), and because GABA and
glycine are coreleased onto motoneurons (Jonas
et al., 1998; O’Brien and Berger, 1999), we si-
multaneously antagonized both glycine and
GABAA receptors by perfusing 0.1 mM strych-
nine and 0.1 mM bicuculline onto the trigeminal
motor pool during sleep–wake behaviors.

Study 4: is REM atonia mediated by increased
inhibition and reduced excitation of motoneu-
rons? We hypothesize that motor atonia during
REM sleep is mediated by concomitant inhibi-
tion and disfacilitation (i.e., reduced excitation)
of motoneurons during REM sleep. To test this
hypothesis, we antagonized both glycine and
GABAA receptors (using 0.1 mM strychnine and
bicuculline) while simultaneously activating tri-
geminal motoneurons with 0.1 mM AMPA. This
dose of AMPA provokes a robust increase in
masseter muscle tone during waking and NREM
sleep when applied to the trigeminal motor pool
in rats (Burgess et al., 2005) and also activates
genioglossus muscle activity when perfused into
the hypoglossal motor pool in anesthetized rats
(Aoki et al., 2006).

Study 5: demonstration that doses of strychnine
and bicuculline antagonize glycine and GABAA

receptors. We microdialyzed 1 mM glycine and 1
�M muscimol (GABAA receptor agonist) into
the left trigeminal motor pool before and while
simultaneously applying 0.1 mM strychnine and
0.1 mM bicuculline. We used these doses of gly-
cine and GABAA receptor agonists because they
suppress genioglossus muscle EMG activity
when applied to the hypoglossal motor pool in anesthetized rats (Morri-
son et al., 2002; Liu et al., 2003). All manipulations were made during waking
when masseter muscle tone was maximal so the inhibitory effects of glycine
and muscimol would induce the greatest degree of suppression. After a
steady-state suppression of masseter tone was observed, we began perfusing
glycine/muscimol and strychnine/bicuculline.

Verification of microdialysis probe location
Two procedures were used to demonstrate that microdialysis probes
were both functional and located in the left trigeminal motor pool. At the
end of each experiment, 0.1 mM AMPA was perfused into the left trigem-
inal motor pool, which induced a rapid and potent increase in basal levels
of left masseter muscle tone without affecting either the right masseter or
neck EMG activity. This result verified that trigeminal motoneurons
were viable and able to respond to glutamatergic activation, that micro-
dialysis probes were functional at the end of each experiment and that
probes were located in the trigeminal motor nucleus. We also used post-
mortem histological analysis to demonstrate that microdialysis probes
were physically located in the left trigeminal nucleus.

Under deep anesthesia (ketamine, 85 mg/kg; xylazine, 15 mg/kg, i.p.),
rats were decapitated, and their brains removed and placed in chilled 4%
paraformaldehyde (in 0.1 M PBS) for 24 h. Brains were cryoprotected in
30% sucrose (in 0.1 M PBS) for 48 h; they were then frozen in dry-ice and
transversely sectioned in 40 �m slices using a microtome (Leica, Rich-
mond Hill, ON). Brain sections were mounted, dried and stained with
Neutral Red. Tissue sections were viewed using a light microscope
(Olympus, Center Valley, PA) and the location of probe lesion tracts
were plotted on standardized brain maps (Paxinos and Watson, 1998).

Data analysis
Behavioral state. We classified four behavioral states. Alert wake (AW)
was characterized by high-frequency, low-voltage EEG signals coupled
with high levels of EMG activity (i.e., chewing, grooming, drinking).

Quiet wake (QW) was characterized by high-frequency, low-voltage EEG
signals, but in the absence of overt motor activity. NREM sleep was
characterized by high-amplitude, low-frequency EEG signals and mini-
mal EMG activity. REM sleep was characterized by low-amplitude, high-
frequency theta-like EEG activity and REM atonia interspersed by peri-
odic muscle twitches. Sleep states were visually identified and analyzed in
5 s epochs using the Sleepscore version 1.01 script (Cambridge Electronic
Design).

EMG analysis. Raw EMG signals were full-wave rectified, integrated
and quantified in arbitrary units. Average EMG activity for left and right
masseter and neck muscle activity was quantified in 5 s epochs for each
behavioral state. When candidate drugs were applied onto the left tri-
geminal motor pool, EMG data were not analyzed for the first 30 min of
perfusion because the latency from the syringe pump to the microdialysis
probe is �15 min.

At least three episodes of each behavioral state (i.e., AW, QW, NREM,
and REM) were analyzed for each experimental condition. In each rat the
average EMG activity was calculated for each behavioral state and for
each drug perfused into the trigeminal motor pool.

EMG analysis in REM sleep. REM sleep consists of both tonic and
phasic motor events. The stereotypical periods of motor atonia occur
during tonic REM sleep and the periodic muscle twitches that punctuate
REM atonia occur during phasic REM sleep (i.e., during rapid eye move-
ments) (Aserinsky and Kleitman, 1953; Jouvet, 1967). Because a major
goal of this study was to determine the role for glycinergic and GABAer-
gic neurotransmission in modulating motor activity in REM sleep, we
developed an objective method for identifying and quantifying the phasic
(i.e., muscle twitches) and tonic (REM atonia) periods of REM sleep. To
quantify motor atonia during tonic REM sleep, we determined the 99th
percentile of EMG activity during the first 5 s of each REM period because
muscle twitches are conspicuously absent during this time (Morrison et
al., 2003; Lu et al., 2005). The muscle twitches that define phasic REM
sleep were classified as motor events (lasting �20 ms) that exceeded the

Figure 4. The tonic glycinergic drive present at the trigeminal motor pool in NREM sleep is abruptly switched off in REM sleep.
A, Typical EMG and EEG traces showing how left masseter muscle (LM) activity changes during the transitions into and out of REM
sleep during baseline (i.e., aCSF at the trigeminal nucleus). B, Another trace from the same rat showing that strychnine perfusion
increases LM activity during the NREM and waking periods preceding and after REM onset (compared with traces in A), but that
masseter atonia persists even though glycine receptors are blocked. C, A typical raw trace showing the abrupt loss of masseter
tone on entrance into REM sleep, despite strychnine perfusion at the trigeminal nucleus. D, Group data showing that compared
with baseline, strychnine perfusion significantly increased LM activity in NREM and post-REM waking (QW), but not during REM
sleep. A.U., Arbitrary units. All values are mean � SEM.
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99th percentile of EMG activity during the first 5 s of REM; conversely,
REM sleep atonia was classified as any period in which muscle activity
was equal to or less than the 99th percentile of EMG activity during the
first 5 s of REM. In each rat, REM atonia and muscle twitches were
quantified for each REM episode during baseline conditions and for each
drug perfused into the trigeminal motor pool.

EEG spectral analysis. Spectral analysis was performed using EEG Band
Detect version 1.06 in Spike 2. The EEG was windowed using a Hamming
function and subjected to a fast Fourier transform to yield the power
spectrum. The power within four frequency bands was recorded as ab-
solute power and as a percentage of the total power of the signal that was
calculated over each 5 s epoch. The band limits used were delta (�),
0.48 – 4 Hz; theta (�), 4.25– 8 Hz; alpha (�), 8.25–15 Hz; and beta (�),
15.25–35 Hz.

Statistical analyses
All statistical analyses used SigmaStat (SPSS, Chicago, IL) and applied a
critical two-tailed � value of p � 0.05. Differences in basal EMG tone

during waking, NREM, and tonic REM sleep under baseline (i.e., ACSF)
and drug treatments (i.e., 0.1 mM strychnine or 0.1 mM bicuculline or 0.1
mM strychnine/bicuculline or strychnine/bicuculline/AMPA) were de-
termined using ANOVA with repeated measures (RM-ANOVA) and post
hoc comparisons were performed using a Student–Newman–Keuls
(SNK) test. Comparisons between treatments for frequency, amplitude
and duration of muscle twitches per REM episode were made using
ANOVA (i.e., drug treatments versus aCSF) and post hoc comparisons
were performed using a SNK test. All data are expressed as mean � SEM
(SEM).

Results
Inserting microdialysis probes into the trigeminal motor pool
transiently increased masseter tone, but had no effect on the
sleep–wake cycle
Inserting a microdialysis probe into the left motor pool caused a
transient yet robust activation of the left masseter muscle (rela-
tive to aCSF; paired t test, p � 0.011) without affecting the activity
of either right masseter (paired t test, p � 0.261) or neck muscle
(paired t test, p � 0.637) activities. This finding demonstrates
that probe insertion only activates motoneurons in the left tri-
geminal motor pool. We also found that microdialysis of 0.1 mM

AMPA into the left trigeminal motor pool at the end of each
experiment increased left masseter muscle activity (paired t test,
p � 0.035) (Fig. 1A) without altering levels of either the right
masseter (paired t test, p � 0.563) (Fig. 1A) or neck muscle EMG
activity (paired t test, p � 0.219). This procedure verified that
probes were located within the left trigeminal nucleus and that
microdialysis probes were functional. It also shows that mo-
toneurons were viable and able to respond to changes in excita-
tion neurotransmission.

In all 19 rats, we used postmortem histology to confirm that
microdialysis probes were either within or immediately adjacent
to the left trigeminal motor pool (Fig. 1B,C).

We also found that placing a probe and perfusing glycinergic
and GABAergic antagonists into the trigeminal nucleus had no
effect on the amount of time spent in each sleep–wake state when
baseline and antagonist treatment (i.e., strychnine and bicucul-
line) were compared (RM-ANOVA, p � 0.374). There was also
no change in the ratio of high to low frequencies in EEG powers
(i.e., %�/%�) before and after antagonist treatment (RM-
ANOVA, p � 0.872), indicating that these interventions did not
substantially effect sleep–wake regulation.

Masseter muscle atonia in REM sleep is not mediated by
glycinergic inhibition of trigeminal motoneurons
If a functional glycinergic drive underlies loss of muscle tone in
REM sleep, then antagonism of glycine receptors on motoneu-
rons should reverse REM sleep atonia. In 11 rats, we perfused 0.1
mM strychnine into the left trigeminal motor pool while moni-
toring masseter EMG activity during sleep and waking. Strych-
nine perfusion had a potent stimulatory effect on basal levels of
masseter tone during both QW and NREM sleep. Compared with
left masseter EMG activity under baseline conditions, antago-
nism of glycine receptors increased basal masseter tone during
QW by 51 � 8% ( p � 0.05 post hoc test) and during NREM sleep
by 29 � 4% ( p � 0.05 post hoc test) (Fig. 2A,B). This stimulatory
effect on masseter tone was tonically sustained throughout peri-
ods of QW and NREM sleep, demonstrating the presence of a
tonic glycinergic drive during these states. We also found that
strychnine increased left masseter tone by the same magnitude at
the beginning (43 � 15% above baseline; paired t test, p � 0.013)
and end (41 � 14% above baseline; paired t test, p � 0.012) of the
2.3 � 0.1 h perfusion period (paired t test, p � 0.899) (Fig. 3),

Figure 5. Trigeminal motoneurons are inhibited by a tonic GABAergic drive during waking
and NREM sleep, but not in REM sleep. A, Raw traces showing that bicuculline perfusion into the
left trigeminal motor pool increases left masseter muscle (LM) tone during waking and NREM
sleep; this intervention did not affect either basal masseter tone in tonic REM sleep or masseter
muscle twitch activity in phasic REM. B, Group data (n � 11) showing that bicuculline perfusion
potently increased LM tone in AW, QW, and NREM sleep, without reversing muscle atonia in
tonic REM sleep. *p � 0.05. C, Group data (n � 107 REM periods) demonstrating that bicucul-
line perfusion did not affect masseter muscle twitch amplitude, frequency, or duration during
phasic REM sleep. A.U., Arbitrary units; #/s, number muscle twitches per second. All values are
mean � SEM.
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indicating that glycine receptor antago-
nism was not subject to time-dependent
changes.

Although we identified a tonic glyciner-
gic drive at the trigeminal motor pool dur-
ing both waking and NREM sleep, we
could not confirm the presence of such
drive during tonic REM sleep. Compared
with baseline conditions, strychnine perfu-
sion had no effect on basal levels of masse-
ter tone during tonic REM sleep ( p �
0.958 post hoc test) (Fig. 2A,B). Indeed, we
demonstrate that the tonic glycinergic
drive present in NREM sleep is rapidly lost
on entrance into REM sleep, but is rein-
stated during post-REM waking (Fig. 4B–
D). We analyzed levels of masseter EMG
activity in the 30 s periods immediately
proceeding (i.e., NREM) and following
(i.e., post-REM waking) each REM epi-
sode. In the 101 REM periods analyzed
(mean REM duration: 80 � 11 s), we found
that strychnine increased left masseter tone
above baseline levels in all pre-REM ( p �
0.001 post hoc test) and post-REM ( p �
0.001 post hoc test) periods. However, there
was rapid and complete loss of strychnine’s
stimulatory effects during periods of tonic
REM sleep ( p � 0.860 post hoc test; i.e., not
different from baseline levels), which re-
sulted in the persistence of masseter atonia
despite continued glycine receptor antago-
nism (Fig. 4B–D).

Because motoneurons are inhibited by
glycinergic inputs during the muscle
twitches of phasic REM sleep (Chase and Morales, 1983), we also
determined whether strychnine affected muscle twitches. Antag-
onism of glycine receptors significantly increased the amplitude
of muscle twitches by 27 � 9% above baseline levels during pha-
sic REM sleep ( p � 0.018). However, neither twitch duration
( p � 0.455) nor frequency ( p � 0.219) were affected by strych-
nine perfusion (Fig. 2C). Because strychnine increased the mag-
nitude of masseter twitches, this not only identifies the presence
of a phasic glycinergic drive at the trigeminal motor pool during
REM sleep, but that 0.1 mM strychnine antagonized and reversed
the inhibitory effects of this drive.

GABAA-mediated inhibition of trigeminal motoneurons does
not cause masseter atonia in REM sleep
Although we identified a phasic glycinergic drive during REM
sleep, it is not responsible for mediating REM atonia. Because
GABA is the most common inhibitory neurotransmitter in the
brain (Bloom and Iversen, 1971) and because motoneurons are
influenced by GABAergic processes in REM sleep (Soja et al.,
1987), we hypothesized that motor atonia of REM sleep may be
mediated by GABAergic inhibition. Therefore, we antagonized
GABAA receptors on trigeminal motoneurons using 0.1 mM bicu-
culline while monitoring masseter EMG activity during sleep and
waking (n � 11).

Bicuculline perfusion into the left trigeminal nucleus induced
a robust facilitation of masseter tone during both waking and
NREM sleep. Compared with left masseter EMG activity under
baseline conditions, antagonism of GABAA receptors increased

basal masseter tone in AW by 106 � 30% ( p � 0.009 post hoc
test), in QW by 183 � 30% ( p � 0.05 post hoc test), and during
NREM sleep by 180 � 30% ( p � 0.05 post hoc test) (Fig. 5A,B).
This stimulatory effect on masseter tone was tonically sustained
throughout individual periods of waking and NREM sleep and its
stimulatory effects were maintained at constant levels across the
2.7 � 0.2 h perfusion period (paired t test, p � 0.657) (Fig. 3).
These findings not only identify a tonic GABAergic tone at the
trigeminal nucleus during waking and NREM sleep, but that 0.1
mM bicuculline antagonized GABAergic inhibition.

Bicuculline perfusion had no effects on basal levels of masseter
tone during tonic REM sleep ( p � 0.958) (Fig. 5A,B). We found
that the stimulatory effects of bicuculline during NREM sleep
were rapidly lost on entrance into REM sleep (Fig. 6C). In the
107 REM periods analyzed (mean REM duration, 74 � 11 s),
we found that bicuculline increased masseter tone (relative to
baseline levels), in all pre-REM ( p � 0.001 post hoc test) and
post-REM ( p � 0.001 post hoc test) periods; however, there
was rapid and complete loss of the stimulatory effects of bicu-
culline during each REM episode ( p � 0.622 post hoc test)
(Fig. 6 B, D).

Unlike strychnine perfusion, which facilitated muscle
twitch activity during REM sleep, we found that bicuculline
had no significant effect (compared with aCSF baseline) on the
amplitude ( p � 0.271), duration ( p � 0.651), or frequency
( p � 0.219) of masseter muscle twitches during REM sleep
(Fig. 5C).

Figure 6. Masseter muscle atonia in REM sleep is not mediated by GABAergic inhibition of trigeminal motoneurons. A, Raw
traces demonstrating how left masseter muscle (LM) activity changes during the transition into and out of REM sleep during
baseline (i.e., aCSF). B, An example trace from the same rat showing that bicuculline perfusion at the left trigeminal motor pool
increases LM activity during the NREM and waking periods preceding and after REM onset (compared with baseline), but that
masseter atonia is unaffected by blocking GABAA receptors. C, A representative trace showing the abrupt loss of masseter tone on
entrance into REM sleep despite bicuculline perfusion at the trigeminal nucleus. D, Group data showing that compared with
baseline, bicuculline perfusion significantly increased LM activity in NREM and post-REM waking (QW), but not during REM sleep.
A.U., Arbitrary units. All values are mean � SEM.
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Coantagonism of glycine and GABAA receptors on trigeminal
motoneurons does not reverse the masseter atonia in REM
sleep
We found that neither glycine nor GABAA receptor antagonism
reversed masseter muscle atonia during REM sleep. However,
because motoneurons are concurrently inhibited by GABA and
glycine during natural REM sleep (Soja et al., 1987) and because
both transmitters are coreleased onto motoneurons (O’Brien and
Berger, 1999), especially during pharmacologically induced
REM-like sleep (Kodama et al., 2003), we hypothesized that both
transmitters may be required to induce REM atonia. Therefore,
we simultaneously antagonized glycine and GABAA receptors in
the left trigeminal motor pool by perfusing 0.1 mM strychnine
and 0.1 mM bicuculline (n � 11).

Coantagonism of glycine and GABAA receptors resulted in a
potent activation of masseter tone during both waking and
NREM sleep. Perfusion of strychnine and bicuculline increased
masseter tone in AW by 215 � 35% ( p � 0.001 post hoc test), in
QW by 502 � 95% ( p � 0.05 post hoc test), and during NREM
sleep by 643 � 121% ( p � 0.05 post hoc test) (Fig. 7A,B). This
stimulatory effect was tonically sustained throughout individual
episodes of waking and NREM sleep, and its stimulatory effects
were maintained at constant levels across the 2.6 � 0.1 h perfu-
sion period. Compared with baseline, left masseter tone in-
creased during the first NREM period by 500 � 130% (paired t
test; p � 0.002) and during the last NREM period by 491 � 170%
(paired t test; p � 0.016); there was no difference in the magni-
tude of these responses (paired t test; p � 0.930) (Fig. 3).

Although combined glycine and GABAA receptor antagonism
had potent excitatory effects on basal masseter tone during wak-
ing and NREM sleep, this stimulatory effect was immediately lost
on entrance into REM sleep, but immediately regained during
post-REM waking. Dual strychnine/bicuculline perfusion toni-
cally increased basal masseter tone (relative to baseline levels)
during all pre-REM ( p � 0.001 post hoc test) and post-REM ( p �
0.001 post hoc test) periods; however, there was rapid and com-
plete loss of this stimulatory effect during tonic REM sleep ( p �
0.588 post hoc test) (Fig. 8B–D).

Although coantagonism of glycine and GABAA receptors
could not reverse REM sleep motor atonia, it significantly poten-
tiated muscle twitch activity during phasic REM sleep (Fig. 7C).
Strychnine and bicuculline perfusion potently increased the
mean duration of individual muscle twitches by 52 � 2.7% ( p �
0.036); however, it had no effect on either muscle twitch ampli-
tude ( p � 0.330) or frequency ( p � 0.219).

REM atonia persists even when glycine and GABAA receptors
are antagonized and trigeminal motoneurons are directly
activated by AMPA
Because masseter muscle atonia during REM sleep could not be
reversed by blockade of glycine and GABAA receptors, we hy-
pothesized that REM atonia may be mediated by a disfacilitation
of excitatory inputs (Fenik et al., 2005; Chan et al., 2006). We
therefore antagonized both glycine and GABAA receptors (using
0.1 mM strychnine and bicuculline) while simultaneously activat-
ing trigeminal motoneurons with a potent dose of AMPA (0.1
mM; n � 5).

We found this intervention had powerful stimulatory effects
on masseter tone during waking and NREM sleep, increasing left
masseter EMG activity above baseline levels by 1539 � 502 ( p �
0.003 post hoc test) and 983 � 280% ( p � 0.031 post hoc test) (Fig.
9A), respectively. This effect was also significantly greater than
the effect that combined strychnine and bicuculline perfusion

(without AMPA) had on levels of masseter tone during NREM
sleep (paired t test; p � 0.001). However, this stimulatory effect
was immediately abolished at the transition from NREM sleep
into REM sleep, with REM atonia persisting despite simultaneous
antagonism of both glycine and GABAA receptors and activation
of AMPA receptors (n � 11 REM periods) (Fig. 9B). Compared
with baseline levels, perfusion of strychnine, bicuculline and
AMPA into the left trigeminal motor pool did not prevent or
reverse masseter atonia in REM sleep ( p � 0.795 post hoc test)
(Fig. 9C).

Strychnine and bicuculline antagonize the effects of glycine
and GABAA receptor agonism at the trigeminal motor pool
Although previous in vitro and in vivo studies have demonstrated
that 0.1 mM strychnine and 0.1 mM bicuculline antagonize gly-

Figure 7. A tonic glycinergic/GABAergic drive at the trigeminal motor pool functions to
suppress masseter tone in waking and NREM sleep, but not during tonic REM sleep. A, Typical
EMG and EEG traces illustrating that strychnine/bicuculline perfusion into the left trigeminal
motor pool increases left masseter muscle (LM) tone during waking and NREM sleep; however,
it has no effect on masseter atonia in tonic REM sleep despite provoking masseter muscle twitch
activity in phasic REM. B, Group data (n � 11) showing that strychnine/bicuculline perfusion
increases LM tone in AW and QW and in NREM sleep, without changing levels of motor tone
during tonic REM sleep. C, Group data showing strychnine/bicuculline perfusion into the left
trigeminal nucleus increases masseter muscle twitch duration in phasic REM sleep, without
significantly affecting either twitch amplitude or frequency. *p � 0.05. A.U., Arbitrary units;
#/s, number muscle twitches per second. All values are mean � SEM.
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cine and GABAA receptors (Song and
Huang, 1990; Jonas et al., 1998; Morrison
et al., 2003; Pagnotta et al., 2005), we aimed
to verify that these doses blocked glyciner-
gic and GABAergic inhibition on trigemi-
nal motoneurons. To do this, we exog-
enously applied 1 mM glycine and 1 �M

muscimol into the trigeminal nucleus be-
fore and while simultaneously microdia-
lyzing 0.1 mM strychnine and bicuculline in
three rats.

We found that glycine and muscimol
perfusion induced a significant suppres-
sion of waking levels of left masseter mus-
cle tone, reducing it to 58 � 2% of baseline
levels ( p � 0.025 post hoc test). This sup-
pression was rapidly reversed when 0.1 mM

strychnine and bicuculline were concur-
rently perfused with glycine and muscimol
( p � 0.009 post hoc test) (Fig. 10). Not only
did strychnine and bicuculline block the
inhibitory effects of the agonists, it in-
creased masseter tone above waking levels
during baseline conditions ( p � 0.04 post
hoc test; 39 � 9%) (Fig. 10). This observa-
tion not only demonstrates that this con-
centration of antagonists effectively re-
versed glycine and GABAA receptor
agonism, but that it also antagonized the
endogenous inhibitory drive present in
waking.

Discussion
A tonic glycinergic and GABAergic drive at the trigeminal
motor pool suppresses masseter motor tone in waking
Intracellular studies demonstrate that trigeminal motoneurons
are hyperpolarized by IPSPs in waking cats (Chase and Morales,
2005). We confirm the presence of an endogenous glycinergic
and GABAergic tone that contributes to levels of trigeminal mo-
toneuron excitability and masseter muscle activity during wak-
ing. We show that antagonism of glycine and GABAA receptors
on trigeminal motoneurons results in a sustained increase in
basal masseter tone throughout wakefulness, indicating that a
tonic inhibitory drive functions to suppress waking muscle tone.
A similar glycinergic/GABAergic tone at the hypoglossal motor
pool has been shown to modulate inspiratory genioglossus mus-
cle activity in waking rats (Morrison et al., 2003).

A waking inhibitory tone may function to gate the glutama-
tergic and monoaminergic drives that activate somatic motoneu-
rons during wakefulness (Chan et al., 2006; Mir et al., 2006).
Stiff-person syndrome and hyperekplexia are neurological disor-
ders caused by either dysregulation of GABAA receptor ho-
meostasis (Gilbert et al., 2006) or mutations in the �1 subunit of
the glycine receptor (Shiang et al., 1993), with both mutations
impairing glycinergic and/or GABAergic inhibition of motoneu-
rons (Becker et al., 2002). A major symptom of these disorders is
muscle hypertonia in waking (Kurczynski, 1983; Shiang et al.,
1993). We identify a wake-related glycinergic/GABAergic tone at
the trigeminal nucleus, that when blocked, produces muscle hy-
pertonia. Together, these observations suggest that a waking in-
hibitory tone functions to dampen muscle tone and the inability
to transduce this natural inhibitory drive (i.e., glycine and/or

GABAA receptors mutations) underlies the muscle rigidity of
stiff-person syndrome and hyperekplexia.

Somatic motoneurons are inhibited by a tonic glycinergic and
GABAergic drive during NREM sleep
Antagonism of glycine and GABAA receptors at the trigeminal
motor pool potently increased masseter muscle tone throughout
NREM sleep, thus unmasking the presence of a tonic inhibition
during this state. Inhibitory tone is maximal during NREM sleep
because blocking it resulted in a 643% increase in masseter tone
compared with the 215 and 502% increases evoked in alert and
quiet waking, respectively. We suggest that a progressively
strengthened glycinergic/GABAergic tone at the trigeminal mo-
tor pool functions to state-dependently suppress masseter tone
from alert waking into NREM sleep. This perspective is congru-
ent with intracellular recordings in cats demonstrating that tri-
geminal and lumbar motoneurons are progressively hyperpolar-
ized from alert wake into NREM sleep (Chase et al., 1980).

Basal muscle tone is not only suppressed in NREM sleep by a
pervasive inhibitory tone, it is also suppressed by withdrawal of
glutamatergic and noradrenergic excitation of motoneurons
(Burgess et al., 2005; Chan et al., 2006; Mir et al., 2006). There-
fore, both passive disfacilitation and active inhibition of mo-
toneurons are responsible for suppressing basal muscle tone in
NREM sleep.

A phasic inhibitory drive functions to oppose muscle twitches
during REM sleep
We demonstrate that the functional glycinergic and GABAA-
mediated drive present at the trigeminal nucleus in waking and
NREM sleep is immediately switched off and converted to a pha-

Figure 8. Masseter atonia in REM sleep is not mediated by concurrent glycinergic and GABAergic inhibition of trigeminal
motoneurons. A, Traces showing how left masseter muscle (LM) activity changes during the transition into and out of REM sleep
during baseline. B, A trace from the same rat illustrating that strychnine/bicuculline perfusion at the left trigeminal motor pool
increases LM activity during the NREM and waking periods preceding and after REM onset, but that masseter atonia is unaffected
by this intervention. C, An example showing the sudden loss of masseter tone on entrance into REM sleep despite strychnine/
bicuculline perfusion at the trigeminal nucleus. D, Group data showing that strychnine/bicuculline perfusion increases basal LM
tone in NREM and post-REM waking (QW), but not during REM sleep. A.U., Arbitrary units. All values are mean � SEM.
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sic glycinergic drive during REM sleep. Antagonism of this drive
potently facilitated muscle twitch activity without affecting REM
sleep muscle atonia. This is in striking contrast to the tonic inhib-
itory drive of waking and NREM sleep, which when blocked re-
sulted in a sustained increase in basal masseter tone. The phasic
inhibitory drive of REM sleep is mediated by glycine because
strychnine application onto trigeminal motoneurons potentiated
muscle twitches in REM sleep, whereas bicuculline had no effect.
These findings mirror observations from intracellular studies
showing that motoneurons are maximally hyperpolarized by glycin-
ergic IPSPs during periods of REM sleep with muscle twitches
(Lopez-Rodriguez et al., 1990, 1992). During REM sleep, trigeminal

and spinal motoneurons are concurrently inhibited and excited by
glycinergic and glutamatergic inputs (Chase and Morales, 1982,
1983; Glenn and Dement, 1985; Pedroarena et al., 1994; Soja et al.,
1995); therefore, we suggest that a phasic inhibitory drive during
REM sleep functions to oppose the glutamatergic inputs that trigger
muscle twitches.

Dysfunction of the REM-related inhibitory drive may explain the
primary symptom of RBD, a neurological condition of unknown
origin whose presenting clinical symptom is excessive phasic muscle
activity during REM sleep (Schenck et al., 1988). It may also explain
why point-mutations in the �1 subunit of the glycine receptor,
which causes hyperekplexia, also leads to myoclonic twitching in
sleep (de Groen and Kamphuisen, 1978). These data suggest that the
phasic inhibitory drive during REM sleep functions to oppose mus-
cle twitch activity and loss of this drive could underlie the excessive
myoclonic activity reported in RBD and hyperekplexia.

Glycinergic and GABAA-mediated inhibition of somatic
motoneurons is not responsible for mediating REM sleep
atonia
Our most fundamental observation is that REM sleep atonia
could not be reversed by either glycine or GABAA receptor antag-
onism. This finding contradicts the prevailing hypothesis that
REM atonia is mediated by glycinergic inhibition of motoneu-
rons (Chase and Morales, 2005). Chase and Morales (2005) es-
tablished this hypothesis because they found that lumbar and
trigeminal motoneurons are hyperpolarized by large amplitude
IPSPs that are reduced (but not eliminated) by antagonism of
glycine receptors (Soja et al., 1987; Chase et al., 1989). Although
we found that strychnine at the trigeminal motor pool unmasked
a tonic inhibitory drive and increased basal masseter tone during
waking and NREM sleep, it had no effect on REM atonia. Antag-
onism of either GABAA receptors alone or both glycine and
GABAA receptors also had no effect on REM sleep muscle atonia
despite causing robust increases in muscle activity during waking,
NREM, and phasic REM sleep.

One concern is whether REM atonia could not be reversed
because glycine and GABAA receptors were not completely an-
tagonized. However, we used strychnine and bicuculline at con-
centrations that were previously shown to eliminate glycine- and
GABAA-mediated inhibition of motoneurons (Song and Huang,
1990; Jonas et al., 1998; Morrison et al., 2003; Pagnotta et al.,
2005). We also demonstrate that dosages of these antagonists
blocked the suppressive effects that high doses of glycine and

Figure 9. REM atonia persists even when glycine and GABAA receptors are antagonized and
trigeminal motoneurons are directly activated by AMPA. A, Group data showing that simulta-
neous strychnine/bicuculline and AMPA perfusion into the left trigeminal nucleus potently
increases basal LM tone in NREM and post-REM waking (QW), but not during tonic REM sleep. B,
A typical example trace showing the sudden loss of left masseter (LM) tone on entrance into
REM sleep despite glycine and GABAA receptor antagonism and direct activation of trigeminal
motoneurons by AMPA. Note that basal LM tone in NREM is facilitated by this intervention, but
this response is rapidly lost in REM sleep. C, Left top trace, LM activity during baseline. Right top
trace, LM activity during strychnine/bicuculline/AMPA perfusion. This intervention had no ef-
fect on atonia but did increase the duration of masseter twitches in phasic REM (Fig. 6C). Group
data (n � 11 REM periods) shows that masseter atonia is unaffected by strychnine/bicuculline/
AMPA perfusion. A.U., Arbitrary units. All values are mean � SEM.

Figure 10. Strychnine and bicuculline antagonize the effects of glycine and GABAA receptor
agonism at the trigeminal motor pool. Group data (n � 3) showing that agonism of glycine and
GABAA receptors by glycine and muscimol application (light gray bar) significantly reduces LM
activity to 58 � 2% of baseline levels (i.e., aCSF; white bar). This suppression was reversed
when strychnine and bicuculline were concurrently perfused with glycine and muscimol (dark
gray bars). A.U., Arbitrary units. All values are mean � SEM.
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muscimol at the trigeminal motor pool had on masseter muscle
tone (Fig. 10).

However, the most concrete demonstration that glycine and
GABAA receptors were antagonized stems from the fact that
strychnine and bicuculline provoked masseter twitch activity in
REM sleep. Because IPSPs that hyperpolarize trigeminal mo-
toneurons are at their maximal frequency and amplitude during
periods of REM sleep when muscle twitches occur (Pedroarena et
al., 1994), and because we show that antagonists potently in-
creased muscle twitches, we conclude that motoneurons were
indeed antagonized. Therefore, the persistence of muscle atonia
during strychnine and bicuculline application indicates that
REM atonia is not mediated by glycinergic or GABAA-mediated
inhibition.

This conclusion is congruent with the findings that suppres-
sion of respiratory-related genioglossus muscle activity during
either natural or carbachol-induced REM sleep could not be re-
versed by antagonism of glycinergic or GABAA-mediated inhibi-
tion at the hypoglossal motonucleus in rats (Kubin et al., 1993;
Morrison et al., 2003). We conclude that glycinergic and GABAA-
mediated inhibition of motoneurons is not the mechanism me-
diating the loss of postural muscle tone during REM sleep.

What is the root mechanism responsible for REM atonia?
Although motoneurons are hyperpolarized during REM sleep
(Nakamura et al., 1978) and glycine and GABA are released onto
them during REM-like atonia (Kodama et al., 2003), we demon-
strate that glycinergic and GABAA-mediated inhibition of tri-
geminal motoneurons does not mediate REM sleep atonia. Mul-
tiple lines of evidence indicate that muscle atonia in REM (and
cataplexy) may result from disfacilitation of noradrenergic inputs
onto motoneurons (Aston-Jones and Bloom, 1981; Mignot et al.,
1993; Wu et al., 1999; Lai et al., 2001; Fenik et al., 2005). However,
glutamatergic, noradrenergic and serotonergic activation of mo-
toneurons during REM sleep fails to reverse muscle atonia (Jelev
et al., 2001; Chan et al., 2006; Mir et al., 2006). Our current study
demonstrates that loss of postural muscle tone in REM sleep
persists even when glycine and GABAA receptors are antagonized
and motoneurons are directly activated by glutamatergic excita-
tion, indicating that a powerful, yet unidentified, inhibitory
mechanism overrides motoneuron excitation during REM sleep.

Although REM atonia is not triggered by either glycine- or
GABAA-mediated inhibition, it is possible that GABAB receptors
could be involved. Previous studies demonstrate that activation
of GABAB receptors on hypoglossal motoneurons suppresses
their activity in vitro (O’Brien and Berger, 1999) and reduces
genioglossus motor tone in anesthetized rats (Okabe et al., 1994).
However, it is unknown whether GABAB receptors are endog-
enously active during natural sleep–wake motor behaviors.

Another possible source of motoneuron inhibition during
REM sleep may be from cholinergic neurons in the pedunculo-
pontine tegmental nucleus. Neurons in this region are maximally
active during REM sleep (el Mansari et al., 1989; Steriade et al.,
1990) and they project to and inhibit motoneurons (Bellingham
and Berger, 1996; Liu et al., 2005). The role that cholinergic neu-
rons play in triggering REM atonia has not been determined, but
clearly merits consideration.

In summary, we conclude that REM atonia is induced by in-
hibition of somatic motoneurons; however, neither glycinergic
nor GABAA-mediated inhibition are responsible. The biochemi-
cal substrate mediating REM atonia remains unknown and there-
fore requires identification.
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