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We hypothesized that cessation of brainstem monoaminergic systems and an activation of brainstem inhibitory systems are both
involved in pontine inhibitory area (PIA) stimulation-induced muscle atonia. In our previous study (Lai et al., 2001), we found a decrease
in norepinephrine and serotonin release in motoneuron pools during PIA stimulation-induced muscle tone suppression. We now
demonstrate an increase in inhibitory amino acid release in motor nuclei during PIA stimulation in the decerebrate cat using in vivo
microdialysis and HPLC analysis techniques. Microinjection of acetylcholine into the PIA elicited muscle atonia and simultaneously
produced a significant increase in both glycine and GABA release in both the hypoglossal nucleus and the lumbar ventral horn. Glycine
release increased by 74% in the hypoglossal nucleus and 50% in the spinal cord. GABA release increased by 31% in the hypoglossal
nucleus and 64% in the spinal cord during atonia induced by cholinergic stimulation of the PIA. As with cholinergic stimulation, 300 msec
train electrical stimulation of the PIA elicited a significant increase in glycine release in the hypoglossal nucleus and ventral horn. GABA
release was significantly increased in the hypoglossal nucleus but not in the spinal cord during electrical stimulation of the PIA. Gluta-
mate release in the motor nuclei was not significantly altered during atonia induced by electrical or acetylcholine stimulation of the PIA.
We suggest that both glycine and GABA play important roles in the regulation of upper airway and postural muscle tone. A combination
of decreased monoamine and increased inhibitory amino acid release in motoneuron pools causes PIA-induced atonia and may be
involved in atonia linked to rapid eye-movement sleep.
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Introduction
Activation of the pontine inhibitory area (PIA), the medial part of
the nucleus pontis centralis oralis, generates muscle atonia in
decerebrate animals (Lai and Siegel, 1999; Hajnik et al., 2000) and
induces rapid eye-movement (REM) sleep in freely moving cats
(Van Dongen et al., 1978). Application of acetylcholine (ACh)
(George et al., 1964; Lai and Siegel, 1988; Kodama et al., 1990;
Reinoso-Suarez et al., 1994), glutamate (Lai and Siegel, 1991;
Onoe and Sakai, 1995), corticotropin-releasing factor (Lai and
Siegel, 1992), and GABA antagonist (Xi et al., 2001) to the PIA
can trigger muscle atonia and REM sleep.

At the level of the motor nuclei, the balance between excita-
tory and inhibitory neurotransmitter release determines mo-
toneuronal excitability and muscle activity. The brainstem
monoaminergic neuronal groups, the locus ceruleus and raphe
nuclei, have been demonstrated to exert a facilitatory effect on
motoneurons (Lai et al., 1989; White and Fung, 1989). In con-
trast, the medial portion of the pontomedullary reticular forma-
tion has been postulated to inhibit motoneuronal activity via an
active inhibitory mechanism (Llinas and Terzuolo, 1964). Sup-
pression of muscle tone could result from activation of inhibitory
systems, inactivation of excitatory systems, or both. Our previous

study showed a reduction of norepinephrine and serotonin re-
lease in both the spinal ventral horn and hypoglossal (XII) nu-
cleus during PIA stimulation in the decerebrate cat (Lai et al.,
2001). This result combined with other studies that showed a
facilitatory effect of these monoamines on motoneurons (Taka-
hashi and Berger, 1990; Parkis et al., 1995; Jelev et al., 2001)
indicates that disfacilitation plays an important role in muscle
tone suppression.

The physiological function of glycine in the control of REM
sleep atonia and brainstem stimulation-induced motor inhibi-
tion has been well studied. Systemic application of strychnine
suppresses pontine stimulation-induced inhibition of the mono-
synaptic reflex and reverses motoneuron IPSPs induced by pon-
tine stimulation in the decorticated cat (Kawai and Sasaki, 1964).
Chase and his colleagues found that iontophoretic application of
strychnine, a glycine antagonist, into motor nuclei blocked pon-
tine carbachol or natural REM sleep-induced IPSPs in the spinal
(Chase et al., 1989), trigeminal (Soja et al., 1991), and hypoglossal
(Yamuy et al., 1999) motoneurons. Thus, they concluded that
glycine plays a critical role in the control of REM sleep atonia in
the postural and upper airway muscles. In contrast, Kubin et al.
(1993) hypothesized that inhibitory amino acids might not be
important in the regulation of hypoglossal motoneuron activity
during REM sleep and that pontine inhibition of respiratory mo-
toneurons was attributable to disfacilitation via cessation of sero-
tonin release rather than glycinergic inhibition.

GABA has also been shown to inhibit motoneuron activity
(Curtis, 1959; ten Bruggencate and Sonnhof, 1972; Yajima and
Hayashi, 1997). However, its role in the regulation of muscle tone
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across sleep cycle has not been identified. Therefore, our current
study was designed to determine (1) the nature of the change in
both glycine and GABA release in the motoneuron pools during
PIA-induced muscle tone suppression and (2) whether there was
a difference between the release of glycine in the ventral horn and
hypoglossal nucleus during pontine-induced atonia.

Materials and Methods
All procedures were approved by the Animal Care Committee at the
University of California, Los Angeles [Animal Research Committee
(ARC) #01-042-01] and the Veterans Affairs Greater Los Angeles Health-
care System (ARC #9308-053 and ARC #9710-023). Experiments were
performed in two male and six female cats. Surgical preparation was
described previously (Lai et al., 2001). Briefly, tracheotomy, arterial and
venous cannulations, and decerebration at the precollicular–postmam-
millary level were performed under halothane– oxygen anesthesia. Halo-
thane was discontinued immediately after decerebration. The caudome-
dial cerebellum was removed by aspiration for implantation of dialysis
probes. Laminectomy was performed at the L5–S1 segments to expose
the spinal cord for insertion of dialysis probes. Electromyographic
(EMG) activity was recorded from the genioglossus muscle, which opens
the upper airway, diaphragm, the neck (occipitoscapularis and splenius),
and the right gastrocnemius muscles using bipolar electrodes. Blood
pressure was measured through a Gould-Statham blood pressure trans-
ducer. Mean arterial pressure was kept at �80 mmHg. Rectal tempera-
ture was monitored at 38 � 0.5°C by a heating pad regulated by an
automatically activated thermoregulator.

Chemical microinjection and electrical stimulation. Three of the eight
cats received ACh injection into the PIA, whereas electrical stimulation of
the PIA was performed in all eight cats. Chemical stimulation of the PIA
after its identification by electrical stimulation (Lai and Siegel, 1999) was
achieved by microinjection of ACh (1 M/0.5 �l) through a 25 small gauge
1 �l Hamilton microsyringe (model 7001). Three microinjections were
performed on each PIA with at least 3 hr between microinjections. Elec-
trical stimulation was delivered into the PIA through a stainless steel
microelectrode (5712; A-M Systems, Carlsberg, WA), using 300 msec
trains of 100 Hz, 0.2 msec, and 10 – 60 �A rectangular cathodal pulses,
once every 10 sec over a period of 5 min. As with the ACh injection
experiment, three electrical stimulations were administered to each PIA
site with an interval of 3 hr between stimulations.

Microdialysis sampling. Microdialysis probes were aimed at the XII nu-
cleus, which innervates genioglossus, and at L5–S1 ventral horn, whose mo-
toneurons innervate postural musculature. Microdialysis probes were in-
serted into the targets bilaterally 3 hr before sampling. The probes inserted
into the XII nucleus had a tip length of 1 mm (type A-1-01; Eicom, Kyoto,
Japan), whereas the probes inserted into the spinal ventral horn had a tip
length of 2 mm (59-7005; Harvard Apparatus, South Natick, MA). Micro-
dialysis probes were perfused with artificial CSF (Harvard Apparatus) at a
flow rate of 2 �l/min, using an infusion pump (EPS-64; Eicom). Dialysates
were collected from the XII nucleus and spinal ventral horn for 5 min inter-
vals. Each experiment included three dialysates collected immediately before
the stimulation, one dialysate collected during the stimulation, and four
dialysates collected during the poststimulation period. The collected dialy-
sates were stored frozen at �80°C until analysis.

Amino acid assay. The concentration of amino acid in the perfusate
was determined by HPLC (EDT-300; Eicom) with a fluorescence detec-
tor (excitation at 340 nm, emission at 440 nm; FLD-370; Eicom) and
quantified with a PowerChrom (ADInstruments, Sydney, Australia),
using an external amino acid standard (Sigma, St. Louis, MO). Precol-
umn derivatization was performed with o-phthaldialdehyde–2-merca-
ptoethanol by an autosampler (model 231XL; Gilson, Villiers le Bel,
France) at 10°C for 3 min. The derivatives were then separated in a liquid
chromatography column (4.6 mm in diameter, 150 mm in length; MA-
5ODS; Eicom) at 30°C with 30% methanol in 0.1 M phosphate buffer, pH
6.0, after being degassed by an on-line degasser (DG-100; Eicom). The
detection limits for glutamate, GABA, and glycine were 20 fmol.

Histology. To mark the stimulation sites, a 50 �A anodal current was
delivered through a stimulation electrode over a period of 20 sec into the

electrical stimulation and chemical injection sites at the end of the exper-
iment. Then, cats were deeply anesthetized (Nembutal, 100 mg/kg, i.v.)
and perfused intracardially with saline, followed by 10% Formalin buffer
solution. Serial coronal sections were cut at 60 �m and then stained with
neutral red. Stimulation sites were identified with potassium ferrocya-
nide counterstaining. Dialysate collection sites were also identified by the
tract of the dialysis probe.

Data analysis. Three samples per experiment (three experiments were
conducted at each site) were collected in each animal before stimulation
(baseline), one during stimulation and four after stimulation. The base-
line and poststimulation values were averaged for each experiment, pro-
ducing three values for each experiment: baseline, stimulation, and post-
stimulation. Statistics were performed on these data across experiments
with Student’s t test. ANOVA was used to evaluate the difference between
levels of neurotransmitter release in the XII nucleus and ventral horn
during the prestimulation, stimulation, and poststimulation periods. For
graphical presentation, the changes in amino acid release in the motor
nuclei were converted to a percentage of the baseline level, calculated as
an average of the samples collected during each period. Baseline error
values represent variation from the mean across animals.

Results
Stimulation and collecting sites in the brainstem and
spinal cord
The sites of electrical stimulation and chemical injection were lo-
cated exclusively in the PIA (Fig. 1). In the electrical stimulation
experiments, dialysate collecting sites in the XII nucleus (Fig. 2) were
found in the rostral (eight cases) and caudal (seven cases) parts of the
nucleus. One probe was located in the caudal part of the medial
longitudinal funiculus. Of the 15 probes in the XII nucleus, 11 were
found in the lateral portion, two were located in the medial portion,
and the remaining two were located in the center of the nucleus. The
hypoglossal nucleus innervates the tongue musculature, an impor-
tant component of the upper airway respiratory muscle control sys-
tem. In the spinal cord, dialysate probes were located in the spinal
ventral horn (15 cases) and ventrolateral funiculus (one case). This
region innervates the gastrocnemius and related postural muscles,
which are not involved in airway regulation. Of the 15 probes located
in the ventral horn, 10 probes were located in lamina IX, three were
found in lamina VIII, and the remaining two probes were located in
lamina VII. In the ACh injection experiment, dialysis probes were
located in either the rostral (four cases) or caudal (two cases) of the
XII nucleus. Three probes were located in the lateral portion, two
were found in the medial portion, and the remaining one probe was
found in the center of the XII nucleus. Six dialysis probes were found
in the ventral horn in PIA–ACh injection experiment. Among six
probes seen in the ventral horn, three were located in lamina IX, two
were found in lamina VII, and one probe was found in lamina VIII.

As reported previously (Lai et al., 2001), electrical stimulation
and ACh injection into the PIA produced muscle tone suppression
in both postural and respiratory muscles. The percentage decrease of
integrated muscle activity in respiratory and postural muscles with
PIA ACh injection was 62.5 and 67.3%, respectively (Fig. 3, Table 1).
The duration of muscle tone suppression induced by ACh injection
averaged 4.6 � 0.7 min in both postural and respiratory muscles. In
the genioglossus, electrical stimulation of the PIA generated either a
brief suppression (12 of 20 cases) or a prolonged suppression (8 of 20
cases) of muscle activity. The percentage decrease of integrated ge-
nioglossus muscle activity over the period of 5 min stimulation av-
eraged 18.4% from the baseline level. Three patterns of postural
EMG change, a brief suppression, a prolonged suppression, and sus-
tained atonia, were found during repetitive electrical stimulation of
the PIA, as we reported previously (Lai et al., 2001). A brief suppres-
sion in which muscle tone returned to the baseline immediately after
the cessation of stimulation was seen in 10 of 22 cases. A prolonged
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suppression of muscle tone lasting 1–5 sec after stimulation was
found in 8 of 22 cases. Sustained muscle atonia induced by trains
stimulation was seen in 4 of 22 cases. With electrical train stimula-
tion at 10 sec intervals over a 5 min period, the percentage decrease of
integrated muscle activity over the entire 5 min period ranged from
4.8 to 42.6%, with an average of 16.7% from the baseline amplitude.

Glycine release in motoneuron pools during pontine
acetylcholine injection
Acetylcholine microinjected into the PIA elicited an increase in
glycine release from the baseline level in
the hypoglossal nucleus ( p � 0.005; df �
22; t � 3.09; t test) (Fig. 4) and lumbar
ventral horn ( p � 0.049; df � 18; t � 2.1;
t test) (Fig. 4). The average level of glycine
release in the XII nucleus was 174.5 �
36.4% (mean � SEM) (Table 1) of the
baseline level during PIA ACh injection-
induced muscle tone suppression. The in-
crease in glycine release in the XII nucleus
during PIA ACh injection did not differ
between the sides ipsilateral and con-
tralateral to the site of injection ( p �
0.236; df � 5; t � 1.68; t test). The rostral
and caudal portions of the XII nucleus
also had the same pattern of increase in
glycine release. In the spinal cord, the av-
erage glycine release during PIA ACh
injection-induced muscle tone suppres-
sion was 149.7 � 38.6% of the baseline
level. Glycine release in the spinal cord ip-
silateral and contralateral to the injection
did not differ during PIA ACh injection-
induced atonia, either.

GABA release in motoneuron pools
during pontine acetylcholine injection
The release of GABA in the motoneuron
pools was also increased during PIA ACh
injection-induced atonia (Table 1). The
amplitude of GABA release in the XII nu-
cleus (131.3 � 13.7%) during pontine
ACh injection was significantly different
from the baseline levels ( p � 0.009; df �
18; t � 2.89; t test) (Fig. 5). Similarly, the

GABA release in the spinal cord (164.5 � 28.9%) during pontine
ACh injection was also significantly ( p � 0.013; df � 18; t � 2.76;
t test) (Fig. 5) higher than that of the baseline level. The ipsilateral
and contralateral sides of the XII nucleus and spinal cord did not
differ in their pattern of increase in GABA release during PIA
ACh injection ( p � 0.6; df � 9; t � 0.48; t test).

Figure 1. Histology showing electrical stimulation (squares) and acetylcholine injection
(stars) sites. BC, Brachium conjunctivum; CNF, cuniformis nucleus; IC, inferior colliculus; LC, locus
ceruleus; P, pyramidal tract; PIA, pontine inhibitory area; SO, superior olivary nucleus; TR, teg-
mental reticular nucleus.

Figure 2. Histology showing the dialysate collecting sites in the brainstem and spinal cord. Dialysates were collected from both
sides of the motor nuclei with a total of 30 sites (1 case, h; 2 cases, a, b, d–f, i; 4 cases, c, g, j, k; 12 cases, l ) in eight cats. Dialysates
collected from the following sites were under both electrical and chemical stimulation administered into the PIA: a, b, d–f, and i–l.
Collecting sites were reconstructed and presented on the right. L7, The seventh lumbar segment of the spinal cord; NPM, nucleus
paramedianus; P11–P14, brainstem levels from 11–14 posterior to the interaural zero according to the atlas of Berman (1968);
5ST, spinal trigeminal tract; 12, hypoglossal nucleus; VII, VIII, IX, laminas VII, VIII, and IV in the ventral horn.

Figure 3. Change in EMG activity by ACh injection into the pontine inhibitory area. Poly-
graphic recording of neck EMG activity during control baseline, ACh injection, and recovery is
shown at the top. A significant reduction of genioglossus (GG ) and neck (NM ) muscle activity
was seen after pontine ACh injection. Both genioglossus and neck EMG returned to the pre-ACh
injection level at an average of 4.6 min after injection. The error bars shown in this and subse-
quent figures represent the SEM. B, Baseline. Calibration for EMG activity, 200 �V. *p � 0.05,
t test relative to baseline.
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Inhibitory amino acid release in the hypoglossal nucleus and
spinal cord during pontine electrical stimulation
Release of inhibitory amino acids in the XII nucleus was also
significantly increased during PIA electrical stimulation-induced
muscle tone suppression. Electrical stimulation in the PIA elic-
ited a significant increase in glycine (121.8 � 5.8% of the baseline
level; p � 0.016; df � 46; t � 2.50; t test) (Fig. 6) and GABA
(112.7 � 5.9% of the baseline level; p � 0.033; df � 46; t � 2.20;
t test) (Fig. 7) release in the XII nucleus. As with ACh injection,
the glycine and GABA release increase ipsilateral and contralat-
eral to the stimulation site, as well as in the rostral and caudal
portions of the XII nucleus, did not significantly differ during
electrical stimulation in the pons. As in the XII nucleus, glycine
release in the spinal ventral horn was also significantly increased
during electrical stimulation in the PIA (126.2 � 16.6% of the
baseline level; p � 0.030; df � 62; t � 2.24; t test) (Fig. 6). In
contrast, GABA release in the ventral horn was not significantly
different from the baseline level during PIA electrical
stimulation-induced atonia (111.5 � 10.9% of the baseline level;
p � 0.32; df � 70; t � 1.01; t test) (Fig. 7).

Comparison of GABA and glycine release in the hypoglossal
nucleus and spinal cord during pontine stimulation-induced
muscle tone suppression
We compared the pattern of glycine and GABA release in the XII
nucleus and spinal cord during pontine stimulation-induced
atonia. The increase in glycine release in the XII nucleus and
spinal cord did not significantly differ over the 40 min observa-
tion period (F(7,72) � 0.25; p � 0.97; two-way ANOVA) after PIA
ACh injection. Similarly, there was no difference in the increased
GABA release in the XII nucleus and spinal cord during pontine
ACh-induced muscle tone suppression (F(7,64) � 1.51; p � 0.18;
two-way ANOVA).

Excitatory amino acid release in motoneuron pools during
pontine electrical stimulation
We analyzed glutamate release in the XII nucleus and spinal cord
during PIA stimulation-induced muscle tone suppression. Un-
like the inhibitory amino acids, glutamate release in the XII nu-
cleus and spinal cord did not change significantly with either
pontine electrical or chemical stimulation-induced atonia. Glu-
tamate release in the XII nucleus and spinal cord was 100.0 �
35.9% ( p � 0.99; df � 18; t test) (Fig. 8) and 141.7 � 46.4% of the
baseline level ( p � 0.33; df � 18; t test) (Fig. 8), respectively, after
PIA ACh injection. Similarly, glutamate release in the XII nucleus
(100.9 � 4.1% of the baseline level; p � 0.93; df � 34; t test) (Fig.
9) and ventral horn (99.2 � 15.2% of the baseline level; p � 0.99;
df � 62; t test) (Fig. 9) was not significantly changed during
pontine electrical stimulation-induced atonia.

Discussion
We found that release of the inhibitory amino acids glycine and
GABA in the hypoglossal nucleus and spinal cord was signifi-
cantly increased during ACh injection in the PIA, which elicited
suppression of tone in the postural and respiratory muscles (Lai
et al., 2001). Electrical stimulation in the PIA also produced an
increase in both glycine and GABA release in the XII nucleus. An
increase in glycine release but no significant change in GABA
release in the ventral horn was seen with electrical stimulation-
induced atonia. Although Kubin et al. (1993) hypothesized that
glycine and GABA did not have the same role in the XII nucleus as
it did in the trigeminal motor nucleus and ventral horn during
pontine carbachol-induced atonia, we observed a significant in-
crease in glycine and GABA release of the XII nucleus of the same
magnitude as seen in the ventral horn during PIA stimulation-
induced atonia. Our results suggest that glycine and GABA have a
similar role in the regulation of hypoglossal and spinal motoneu-

Figure 4. Change in glycine release in the hypoglossal nucleus and spinal cord with pontine
acetylcholine injection. A significant increase in glycine release in both hypoglossal nucleus and
ventral horn was seen during pontine ACh injection-induced muscle tone suppression. SC, Spi-
nal cord; XII, hypoglossal nucleus; B, baseline. *p � 0.05; **p � 0.01; t test relative to baseline.

Figure 5. Change in GABA release in the hypoglossal nucleus and spinal cord with pontine
acetylcholine injection. A significant increase in GABA release in both hypoglossal nucleus and
ventral horn was seen during pontine ACh injection-induced muscle tone suppression. SC, Spi-
nal cord; XII, hypoglossal nucleus; B, baseline.

Table 1. Percentage change in muscle activity and amino acid release in the motor nuclei during pontine stimulation-induced muscle tone suppression

GG NM

Glycine GABA Glutamate

XII SC XII SC XII SC

ES Mean 78* 80* 121.8* 126.2* 112.7* 111.5 100.9 99.2
SEM 3.5 10.2 5.8 16.6 5.9 10.9 4.1 15.2

ACh Mean 62* 67** 174.5** 149.7* 131.3* 164.5* 100.0 141.7
SEM 7.4 3.8 36.4 38.6 13.75 28.9 35.9 46.4

Baseline level, 100%. ACh, Acetylcholine injection; ES, electrical stimulation; GG, genioglossus muscle; NM, neck muscle; SC, spinal cord; XII, hypoglossal nucleus. Student’s t test, relative to baseline. *p � 0.05; **p � 0.01.
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ron activity during PIA stimulation-induced muscle tone
suppression.

We found that electrical and chemical stimulation in the PIA
elicited a different pattern of GABA release in the ventral horn.
The lack of a significant change in GABA release in the ventral
horn during PIA electrical stimulation in contrast to the pattern
after acetylcholine stimulation of the PIA could be attributable to
the short duration of muscle atonia elicited by electrical stimula-
tion and therefore lower signal-to-noise ratio of correlated amino
acid release. In contrast, ACh injection into the PIA generated
prolonged muscle tone suppression and simultaneously induced
a significant increase in both GABA and glycine release in the
ventral horn.

Glycine has been postulated to inhibit motoneuronal activity
during REM sleep. Using intracellular recording and microion-
tophoretic techniques, Chase and his colleagues found that IPSPs
in both cranial and spinal motoneurons can be blocked by appli-
cation of strychnine, a glycine antagonist, during natural (Chirwa
et al., 1991; Soja et al., 1991) and pontine carbachol-induced
(Kohlmeier et al., 1996; Yamuy et al., 1999) REM sleep in the cat.
GABA has also been shown to inhibit motoneuron activity. Sys-

temic infusion of GABA and glycine agonists produces a de-
crease, whereas antagonist perfusion generates an increase in the
frequency and amplitude of hypoglossal nerve activity in the de-
cerebrate rat (Hayashi and Lipski, 1992). Iontophoretic applica-
tion of glycine and GABA into the spinal cord blocks motoneu-
ron discharge induced by DL-homocysteic acid (Werman et al.,
1968). ten Bruggencate and Sonnhof (1972) demonstrated that
iontophoretic application of glycine and GABA generates IPSPs
in hypoglossal motoneurons, and this hyperpolarization can be
blocked by glycine and GABA antagonists, strychnine and picro-
toxin, respectively. Studies using intracellular recording in ro-
dent in vitro preparation showed that glycine and GABA are ei-
ther colocalized and coreleased from the same presynaptic vesicle
or released from the separate terminals onto spinal and cranial
motoneurons (Jonas et al., 1998; O’Brien and Berger, 1999;
Russier et al., 2002). Anatomical studies also demonstrated that
input terminals on spinal motoneurons contain GABA, glycine,
or both (Taal and Holstege, 1994; Ornung et al., 1996). The
present study suggests that both glycine and GABA release con-
tribute to the active inhibition of muscle tone during electrical
stimulation and after ACh stimulation of PIA, as well as during
the normal release of ACh on the PIA in REM sleep (Kodama et
al., 1990). Although it is likely that a similar pattern of release of

Figure 6. Change in glycine release in the hypoglossal nucleus and spinal cord during pon-
tine electrical stimulation. Electrical stimulation (ES) in the PIA induces a significant increase in
glycine release in both the hypoglossal nucleus and the ventral horn. SC, Spinal cord; XII, hypo-
glossal nucleus; B, baseline.

Figure 7. GABA release in the hypoglossal nucleus and spinal cord during electrical stimu-
lation in the PIA. Train stimulations in the PIA elicit a significant increase in GABA release in the
hypoglossal nucleus, whereas the same stimulation did not produce a significant change in
GABA release in the ventral horn. SC, Spinal cord; XII, hypoglossal nucleus; B, baseline.

Figure 8. Glutamate release in the hypoglossal nucleus and spinal cord was unaltered by
pontine acetylcholine injection. A nonsignificant increase in glutamate release in the ventral
horn was seen during ACh injection-induced muscle tone suppression. SC, Spinal cord; XII,
hypoglossal nucleus; B, baseline.

Figure 9. Glutamate release in the hypoglossal nucleus and spinal cord was unaltered by
electrical stimulation in the PIA. As with ACh injection, electrical stimulation (ES) in the PIA did
not change glutamate release in the motor nuclei. SC, Spinal cord; XII, hypoglossal nucleus; B,
baseline.
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inhibitory amino acids would be seen during the atonia of natural
REM sleep, a direct test of this hypothesis is required.

The sources of glycine and GABA inputs to the motoneurons
could be local interneurons or supraspinal systems. Neurons
containing inhibitory amino acids have been found in the hypo-
glossal nucleus (Takasu et al., 1987; Aldes et al., 1988) and spinal
ventral horn (Shupliakov et al., 1993). On the other hand, immu-
nohistochemistry combined with retrograde tracer injection
technique revealed that GABAergic and glycinergic neurons in
the nucleus gigantocellularis � and ventralis in the rat, which
corresponds to the nucleus magnocellularis (NMC) in the cat,
project to the spinal ventral horn (Holstege, 1991; Holstege and
Bongers, 1991; Ellenberger, 1999) and hypoglossal nucleus (Li et
al., 1997). GABAergic neurons in the PIA are reported to project
to the hypoglossal nucleus (Li et al., 1997). Although inhibitory
amino acid containing neurons are found in the PIA (Rampon et
al., 1996; Maloney et al., 2000), the neuronal type projecting to
the spinal cord from this region (Kuypers and Maisky, 1975;
Tohyama et al., 1979; Matsuyama et al., 1999) remains unclear.

We suggest that stimulation in the PIA elicits an increase in
glycine and GABA release in motor nuclei through one or more of
three pathways. First, neuronal activity in the PIA may activate
GABAergic and glycinergic interneurons in motor nuclei. Sec-
ond, stimulation may activate descending GABAergic and glycin-
ergic neurons in the PIA. Finally, stimulation in the PIA may
activate reticulospinal GABAergic and glycinergic neuron activ-
ity in the NMC. Our previous study demonstrated that injection
of carbachol into the PIA elicits muscle atonia, which can be
reversed by microinjection of the glutamate antagonist �-D-
glutamylglycine into the NMC of the medulla in the decerebrate
cat (Lai and Siegel, 1988), indicating that the PIA-induced muscle
atonia relays through a glutamatergic projection to the NMC.
Using orthodromic and antidromic stimulation and extracellular
recording, Kohyama et al. (1998) found that PIA stimulation,
which induces atonia, activates reticulospinal neuronal activity in
the medullary gigantocellularis and magnocellularis nuclei in the
decerebrate cat. A similar finding was also reported in the chronic
cat during natural REM sleep (Kanamori et al., 1980).

Immunohistochemical studies demonstrated that there are
glutamate receptors in spinal (Petralia et al., 1994; Neve et al.,
1997) and hypoglossal (Watanabe et al., 1994; Garcia del Cano et
al., 1999) motoneurons. Glutamate application induces EPSPs in
feline spinal motoneurons (Engberg et al., 1979) and in the ro-
dent hypoglossal motoneurons (O’Brien et al., 1997). However,
we did not see a change in glutamate release in the motoneuron
pools during PIA stimulation in our present study. This suggests
that a disfacilitation caused by a reduction in glutamate release
may not be involved in pontine stimulation-induced atonia.
However, the high level of glutamate present in the interstitial
tissue may make detection of a relatively small change in gluta-
mate release as a result of synaptic activity relatively difficult to
detect, so the current results do not rule out an important role for
glutamate in the regulation of PIA-induced atonia.

In conclusion, stimulation in the PIA produced skeletal mus-
cle tone suppression and increased glycine and GABA release in
both the hypoglossal nucleus and lumbar ventral horn. The PIA-
induced muscle tone suppression may be mediated through
GABAergic and glycinergic mechanisms via medial medulla
and/or interneurons in the motoneuron pools. Results from our
previous (Lai et al., 2001) and present studies lead us to conclude
that the coordinated activation of inhibitory amino acid-
containing neuronal activity and simultaneous inactivation of
brainstem monoaminergic neuronal activity contributes to the

suppression of muscle tone during PIA activation. Manipulation
of the action of these transmitters may alter sleep-related atonia
and correlated pathologies of this atonia that result in REM sleep
behavior disorder, cataplexy, and obstructive sleep apnea.
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