J Physiol (2003), 548.2, pp. 569583
© The Physiological Society 2003

DOI: 10.1113/jphysiol.2002.033696
www.jphysiol.org

GABA, receptor antagonism at the hypoglossal motor
nucleus increases genioglossus muscle activity in NREM but
not REM sleep

Janna L. Morrison, Sandeep Sood, Hattie Liu, Eileen Park, Philip Nolan* and Richard L. Horner

Departments of Medicine and Physiology, University of Toronto, Toronto, Canada M5S 1A8 and * Department of Human Anatomy and Physiology,
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The pharyngeal muscles, such as the genioglossus (GG) muscle of the tongue, are important for
effective lung ventilation since they maintain an open airspace. Rapid-eye-movement (REM) sleep,
however, recruits powerful neural mechanisms that can abolish GG activity, even during strong
reflex respiratory stimulation by elevated CO,. In vitro studies have demonstrated the presence of
GABA, receptors on hypoglossal motoneurons, and these and other data have led to the speculation
that GABA, mechanisms may contribute to the suppression of hypoglossal motor outflow to the
GG muscle in REM sleep. We have developed an animal model that allows us to chronically
manipulate neurotransmission at the hypoglossal motor nucleus using microdialysis across natural
sleep—wake states in rats. The present study tests the hypothesis that microdialysis perfusion of the
GABA, receptor antagonist bicuculline into the hypoglossal motor nucleus will prevent the
suppression of GG muscle activity in REM sleep during both room-air and CO,-stimulated
breathing. Ten rats were implanted with electroencephalogram and neck muscle electrodes to
record sleep—wake states, and GG and diaphragm electrodes for respiratory muscle recording.
Microdialysis probes were implanted into the hypoglossal motor nucleus for perfusion of artificial
cerebrospinal fluid (ACSF) or 100 xM bicuculline during room-air and CO,-stimulated breathing
(7% inspired CO,). GABA, receptor antagonism at the hypoglossal motor nucleus increased
respiratory-related GG activity during both room-air (P = 0.01) and CO,-stimulated breathing
(P =0.007), indicating a background inhibitory GABA tone. However, the effects of bicuculline on
GG activity depended on the prevailing sleep—wake state (P < 0.005), with bicuculline increasing
GG activity in non-REM (NREM) sleep and wakefulness both in room air and hypercapnia
(P < 0.01), but GG activity was effectively abolished in those REM periods without phasic twitches
in the GG muscle. This abolition of GG activity in REM sleep occurred regardless of ACSF or
bicuculline at the hypoglossal motor nucleus, or room-air or CO,-stimulated breathing (P > 0.63).
We conclude that these data in freely behaving rats confirm previous in vitro studies that GABA,
receptor mechanisms are present at the hypoglossal motor nucleus and are tonically active, but the
data also show that GABA, receptor antagonism at the hypoglossal motor nucleus does not increase
GG muscle activity in natural REM sleep.
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The genioglossus (GG) muscle of the tongue, in conjunction
with other pharyngeal muscles, plays an important role in
maintaining an open and less collapsible upper airway for
effective breathing (Remmers et al. 1978; Fuller et al.
1999). Sleep, especially rapid-eye-movement (REM) sleep,
however, causes periods of major suppression of GG
activity both in humans (Sauerland & Harper, 1976) and
other animals (Megirian et al. 1985; Parisi et al. 1987;
Horner et al. 2002), especially during periods of REM sleep
with phasic eye movements (Wiegand et al. 1991). GG
activity can be abolished in periods of REM sleep even in
the presence of strong excitatory influences on the hypo-

glossal motor nucleus, the source of motor outflow to the
tongue. This is true whether hypoglossal motoneurons are
excited by reflex drives such as hypercapnia (Megirian et
al. 1985; Parisi et al. 1987; Horner et al. 2002) or when
stimulated by local application of the excitatory neuro-
transmitter serotonin delivered by microdialysis (Jelev et
al. 2001). These data suggest that REM sleep can recruit
powerful neural mechanisms that markedly suppress motor
outflow to the GG muscle. The mechanisms mediating this
effect of REM sleep on GG activity, however, are unknown.
Determining these mechanisms is important because
suppression of GG activity in sleep can lead to airway
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narrowing and hypoventilation in humans and predispose
to obstructive sleep apnoea (Remmers et al. 1978), a
common and serious breathing disorder affecting up to
4 9% of adults (Younget al. 1993).

Post-synaptic inhibitory mechanisms play a significant
role in the suppression of spinal (lumbar) and cranial
(massetter) motoneuron activity both in natural REM
sleep (Morales et al. 1987a; Pedroarena et al. 1994) and in
the REM-sleep-like state elicited by microinjection of
carbachol into the pontine reticular formation of decerebrate
or anaesthetised animals (Morales et al. 1987b; Lopez-
Rodriguez et al. 1995). Inhibitory potentials have also been
recorded from hypoglossal motoneurons in the carbachol
model of REM sleep in anaesthetised cats (Yamuy et al.
1999; Fung et al. 2000), with preliminary data having also
been obtained in naturally sleeping cats (Fung et al. 2001).
Evidence suggests that the inhibitory potentials in the
carbachol model of REM sleep are glycinergic (Yamuy et
al. 1999). The presence of neural circuitry mediating the
inhibition of hypoglossal motoneurons is supported by
several lines of research (Berger, 2000). For example,
strychnine-sensitive inhibitory post-synaptic potentials
have been recorded from hypoglossal motoneurons
following electrical stimulation of the lingual nerve in cats
(Takata & Ogata, 1980). Moreover, several in vitro studies
have documented and characterised robust glycinergic
inhibitory inputs to hypoglossal motoneurons (Umemiya
& Berger, 1995; Singer et al. 1998; O’Brien & Berger, 1999;
Donato & Nistri, 2000). Some of these inputs arise from
the medullary reticular formation and, as such, may be
involved in the inhibition of hypoglossal motoneurons in
REM sleep (Chase & Morales, 1994; Yamuy et al. 1999;
Berger, 2000). These data, which were obtained in reduced
animal preparations, may also have relevance to humans
because systemic administration of strychnine to block
glycine receptors caused increases in tensor palatini and
GG muscle activities and reduced the severity of obstructive
sleep apnoea, although data were only reported in a single
patient and the relationship to NREM and REM sleep was
not reported (Remmers et al. 1980). However, although
these data show that glycine-mediated inhibition of
hypoglossal motoneurons has been studied previously,
little is known about the effects of 7y-aminobutyric acid
(GABA; Berger, 2000), another major inhibitory neuro-
transmitter in the central nervous system. Overall, given
the importance of the GG muscle to the normal maintenance
of upper-airway patency and the pathogenesis of obstructive
sleep apnoea (Remmers et al. 1978), itis relevant to determine
if GABA mechanisms modulate GG activity across
sleep—wake states.

There is widespread distribution of GABA projections and
receptors throughout the medulla, including respiratory
structures (for reviews see McCrimmon et al. 1995; Berger,
2000). GABA, receptors have been identified on hypoglossal
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motoneurons, and in vitro studies show inhibitory post-
synaptic potentials that are sensitive to bicuculline, a GABA,
receptor antagonist (O’Brien & Berger, 1999; Donato &
Nistri, 2000, 2001). In anaesthetised animals in vivo, GABA,
receptor stimulation at the hypoglossal motor nucleus also
markedly suppresses GG activity, with and without
respiratory stimulation with CO, (Liu et al. 2003), in a
fashion that resembles the suppression of GG activity and
CO, responses observed in intact animals in REM sleep
(Horner et al. 2002). In naturally sleeping cats, GABA,
mechanisms play an important role in the inhibition of
ascending spinal sensory pathways in REM sleep
(Taepavarapruk et al. 2002). This study tests the hypothesis
that in intact, freely behaving animals, GABA, receptor
antagonism at the hypoglossal motor nucleus will increase
GG muscle activity in natural REM sleep with and without
reflex respiratory stimulation with CO,.

METHODS

All procedures conformed to the recommendations of the
Canadian Council on Animal Care, and the University of Toronto
Animal Care Committee approved the experimental protocols.
Rats were housed individually, maintained on a 12:12 h light:dark
cycle (lights on at 07.00 h), and had free access to food and water.

Anaesthesia and surgical preparation

Studies were performed on 10 male Wistar rats (Charles River;
mean body weight, 275 g; range, 227-317 g). Sterile surgery was
performed under anaesthesia induced with intraperitoneal
ketamine (85 mgkg ') and xylazine (15 mgkg™"), as described
previously (Jelev et al. 2001; Horner et al. 2002). Rats were also
injected intraperitoneally with buprenorphine (0.03 mgkg™),
atropine sulphate (1 mgkg™) and saline (3ml, 0.9%). An
anaesthesia mask was placed over the snout and the rats breathed
spontaneously a 50:50 mixture of room air and O,. Any additional
anaesthesia was given by inhalation (isoflurane, typically 0.2-2 %).
Effective anaesthesia was judged by abolition of the pedal
withdrawal and corneal blink reflexes.

With the rats supine, the ventral surface of the GG was exposed via a
submental incision, and dissection of the overlying geniohyoid and
mylohyoid muscles. Two insulated, multi-stranded stainless steel
wires (AS631; Cooner Wire, Chatsworth, CA, USA) were implanted
bilaterally and directly into the GG muscle and secured with sutures
and tissue glue. A previous study with section of the medial branches
of the hypoglossal nerves showed that GG activity was recorded with
such electrodes (Morrison et al. 2002). To record diaphragm activity,
two insulated, multistranded stainless steel wires (AS636: Cooner
Wire) were sutured onto the costal diaphragm via an abdominal
approach. To ensure adequate electrode placements during surgery,
the GG and diaphragm signals were monitored on a chart recorder
(Grass Model 79D polygraph, 7P511 amplifiers) and by loudspeaker
(AMS Audio Amplifier, Grass). Observation of tongue protrusion in
response to electrical stimulation (1.0 V) was also used to confirm
that the electrodes were in the GG muscle. The GG and diaphragm
wires were tunnelled subcutaneously to a neck incision and the
submental and abdominal incisions closed with absorbable sutures.

The rats were placed in a stereotaxic frame (Kopf Model 962,
Tujunga, CA, USA) with blunt ear bars. To ensure consistent
positioning between rats, the flat skull position was achieved with
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an alignment tool (Kopf model 944). Two insulated, multistranded
stainless steel wires (AS636: Cooner Wire) were sutured onto the
dorsal neck muscles to record the neck electromyogram (EMG).
To record the electroencephalogram (EEG), two stainless steel
screws (0-80) attached to insulated wire (30 gauge) were implanted
in the skull (Jelev et al. 2001; Horner et al. 2002).

A small hole was drilled at the junction of the interparietal and
occipital bones for placement of the microdialysis guides (CMA/11,
Acton, MA, USA). The guides were lowered 13.9 + 0.1 mm
(mean * S.E.M.) posterior to bregma (range, 13.2-14.6 mm),
0.3 £ 0.03 mm lateral to the midline (range, 0.1-0.4 mm) and
aimed 3 mm above the hypoglossal motor nucleus (Jelev et al.
2001). At the end of surgery the GG, diaphragm, EEG and neck
EMG electrodes were connected to pins and inserted into a
miniature plug (STC-89PI-220ABS, Carleton University, Ottawa,
ON, Canada). The plug and microdialysis guides were then affixed
to the skull with dental acrylic and anchor screws.

After recovery from the anaesthetic, the rats were transferred to a
clean cage and kept warm under a heating lamp until achieving
full recovery, as judged by normal locomotor activity, grooming,
drinking and eating. Rats were given soft food for the 1st day after
surgery. All rats recovered fully and were housed individually. The
rats recovered for an average of 6.8 £ 0.3 days (range, 5-8 days)
before the experiments.

Recording procedures

For recordings, a lightweight shielded cable was connected to the
plug on the rat’s head. The cable was attached to a counter-
balanced swivel that permitted free movement. For purposes of
habituation, the rats were placed in a recording chamber (MD-
1500, BAS, West Lafayette, IN, USA) the day before the experiments
with fresh bedding, food and water. The recording chamber was
situated inside an electrically insulated, sound-attenuated cubicle
(EPC-010, BRS/LVE, Laurel, MD, USA). A video camera inside
the cubicle allowed continuous remote monitoring.

A customised lid on the recording chamber contained a centre
hole for the cable carrying the electrical signals from the rat. To
disperse and mix the air as it flowed into the chamber, the lid also
contained three air inlet ports with small computer fans (Model
FP-108G/DC, 12 V, Commonwealth, driven at 6 VDC). The volume
inside the chamber was approximately 20.5 1. Air or CO, mixtures
(see below) were delivered at approximately 51min™" after
humidification over a water reservoir. CO, levels were measured
continuously (Beckman LB-2) at a flow rate of 500 cm’ min™',
with the sampled air being returned to the chamber. A calibrated
thermohygrometer probe (Model 37950-10, Cole-Parmer
Instruments, Vernon Hills, IL, USA) continuously monitored
temperature and relative humidity, which averaged 26.1 £ 0.1°C
(range, 23.8-28.8°C) and 32.4%0.2% (range, 23.7-42.4%),
respectively.

The electrical signals were amplified and filtered (Super-Z head-
stage amplifiers and BMA-400 amplifiers/filters, CWE, Ardmore,
PA, USA). The EEG was filtered between 1 and 100 Hz, while the
GG, diaphragm and neck EMGs were filtered between 100 and
1000 Hz. The ECG was removed from the diaphragm EMG using
an oscilloscope and an electronic blanker (Model SB-1, CWE).
The moving-time averages (time constant, 200 ms) of the GG,
diaphragm and neck EMGs were also obtained (Coulbourn
S76-01, Lehigh Valley, PA, USA). The EEG and EMGs were calibrated
using the built-in calibrator (20 4V to 1 mV) on the head-stage
amplifiers. All signals, along with the moving-time averages, were
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digitised and recorded visually on chart paper (Grass model 78D
polygraph) and digitally on computer (Spike 2 software, 1401
interface, CED, Cambridge, UK).

Microdialysis

On the evening before the experiments the rats were gently
restrained while the internal dummy cannula was removed from
the guide and the microdialysis probe (CMA/11 14/01) was
inserted. The probes projected 3 mm from the tip of the guide and
were 240 ym in diameter with a I mm membrane and a 6000 Da
cut-off. The ease of insertion of the probe ensured that the rat was
disturbed minimally by the procedure. In each rat, a burst of GG
activity was observed on chart and detected audibly on loud-
speaker when the probe was initially inserted and penetrated the
hypoglossal motor nucleus, and this was useful as a preliminary
confirmation of probe placement (Jelev et al. 2001). The burst of
GG activity observed during probe insertion was transient (lasting
4.0 £ 1.0 min) and did not occur in the neck or diaphragm signals
(Jelevetal. 2001). Each probe was connected to FEP Teflon tubing
(inside diameter, 0.12 mm) with this tubing connected to 1.0 ml
syringes via a zero dead-space switch (Uniswitch, BAS, West
Lafayette, IN, USA). The probes were continually flushed with
artificial cerebrospinal fluid (ACSF) at a flow rate of 2.1 xl min™'
using a syringe pump and controller (MD-1001 and MD-1020,
BAS). With the length of tubing used for the experiments, the lag
time for fluid to travel from the switch to the tip of the probe was
10 min 34 s at this flow rate. The composition (mm) of the ACSF
was: NaCl 125, KCI 3, KH,PO, 1, CaCl, 2, MgSO, 1, NaHCO; 25
and D-glucose 30. The ACSF was warmed to 37°C and bubbled
with CO, to a pH of 7.36 £ 0.01. The CaCl, was added after
warming the ACSF to 37 °C (Nattie & Li, 2000). The experiments
began the morning after probe insertion, and were typically
performed between 07.00 and 20.00 h (i.e. the time of day during
which the rats normally sleep).

Protocol

During microdialysis perfusion of ACSF (control) into the
hypoglossal motor nucleus, recordings were made while the
animals breathed room air and while breathing was stimulated
with 7% inspired CO, (actual delivered CO,, 7.22 £ 0.08 %).
Hypercapnia produced robust GG stimulation in NREM sleep,
thereby allowing the changes from NREM to REM sleep to be
observed readily (Horner et al. 2002), even during perfusion of the
hypoglossal motor nucleus with ACSF when the level of GG
activity was normally low (Fig. 4 and see Jelev et al. 2001; Horner et
al. 2002). Stimulation with 7 % CO, was also chosen because it is
sufficient to overcome the vagal inhibition of GG activity, which is
particularly strong in the intact rat (Bailey et al. 2001; Horner et al.
2002). Data were obtained for at least two full sleep cycles
(i.e. periods containing wakefulness, NREM and REM sleep) with
ACSF at the hypoglossal motor nucleus during room-air breathing,
and for at least two full sleep cycles with CO,-stimulated breathing.
The perfusion medium was then switched to bicuculline (GABA,
receptor antagonist, [—]-bicuculline methiodide, FW: 509.3, Sigma)
atadose of 100 M, pH 7.41 + 0.06, which was similar to the pH of
the ACSF controls (see above). Initial studies on anaesthetised rats
showed that 100 M bicuculline effectively blocks the inhibition of
hypoglossal motor output by GABA, receptor stimulation with
muscimol (Liu et al. 2003). In the presence of bicuculline, recordings
were also made with the rats breathing room air and 7 % inspired
CO, (actual delivered CO,, 7.15 + 0.06 %) again for at least two
full sleep cycles for each inspired gas mixture. A minimum of
30 min was allowed to elapse after the switch between drugs before
any data were analysed. At this time a clear increase in GG activity
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with bicuculline was observed, indicative of a drug effect (see
Results). Nevertheless, the increase in GG activity after the switch
to bicuculline was gradual, making determination of the latencies
to aresponse difficult to determine with any confidence, especially
because spontaneous alterations in sleep—wake states also obscured
the time at which GG activity started to increase. However, in
some rats serotonin was also applied to the hypoglossal motor
nucleus at the end of the experiments (see below) and the increase
in GG activity was more marked with this neurotransmitter and
the latencies to a response are reported.

Distribution of perfusate within the hypoglossal motor
nucleus

In six separate rats, anaesthetised with ketamine and xylazine (85
and 15 mg kg™', respectively) and maintained with isoflurane,
fluorescein (Molecular Probes, Eugene, OR, USA) was delivered
by microdialysis to the hypoglossal motor nucleus. We chose
fluorescein as it has a molecular weight similar to bicuculline
(332.3 vs. 509.3). Rats were perfused at 2.1 ul min™" with 100 xm
fluorescein dissolved in ACSF (i.e. the same dose as bicuculline)
for 1 hinthree ratsand 6 h in three other rats.

Data analysis

Analysis of the EMG and EEG signals. The EMGs were analysed
every 5 s from the respective moving-time average signal (above
electrical zero) and were quantified in arbitrary units. Electrical
zero was the voltage recorded with the amplifier inputs grounded.
GG was quantified as mean tonic activity (i.e. basal activity in
expiration), peak activity and phasic respiratory activity (i.e. peak
inspiratory activity — tonic activity). Mean neck muscle activity,
diaphragm amplitudes (i.e. phasic respiratory diaphragm activity)
and respiratory rates were also calculated for each 5s period.
Diaphragm minute activity was calculated as the product of
diaphragm amplitude and respiratory rate. The EEG was sampled
by computer at 500 Hz then analysed on overlapping segments of
1024 samples, windowed using a raised cosine (Hamming)
function and subjected to a fast Fourier transform to yield the
power spectrum. The window was advanced in steps of 512
samples, and the mean power spectrum of the EEG signal over
each 5 s epoch was calculated. The power contained within six
frequency bands was recorded as absolute power and as a
percentage of the total power of the signal. The band limits were 8,
(0.5-2Hz), 8, (2-4Hz), 0 (4-7.5Hz), a (7.5-13.5Hz), B,
(13.5-20 Hz) and f, (20-30 Hz). Overall, the analysis provided
breath-by-breath measurements of GG and diaphragm activities,
and mean neck and EEG frequencies calculated and averaged in
consecutive 5 s bins for the periods of sleep—wake states that were
analysed in each rat (see below).

Measurements across sleep-wake states. The moving-time
averages of the GG, neck and diaphragm EMGs were analysed in
established periods of wakefulness, NREM and REM sleep identified
by standard EEG and EMG criteria (Jelev ef al. 2001). Measurements
were made during 30 s periods of quiet wakefulness (in the absence
of behaviours such as eating, drinking or grooming) and were
compared to preceding periods of NREM and REM sleep that
occurred closest in time to each other. Accordingly, the periods of
NREM that were analysed occurred immediately before the REM
periods and were therefore designated NREMpgg pey. However,
neuronal systems that contribute to the generation and maintenance
of REM sleep can increase their discharge during NREM periods
prior to the onset of EEG-defined REM sleep (Trulson & Jacobs,
1979; Aston-Jones & Bloom, 1981; el Mansari et al. 1989). This effect
may therefore have minimised the chance of detecting a potential
contribution of GABA, mechanisms to the suppression of GG
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activity in REM sleep if such mechanisms were recruited prior to the
onset of EEG-defined REM sleep. Accordingly, measurements of
GG activity were also performed in additional NREM periods that
preceded, and were separated in time (36.3 +41.0s) from, the
subsequent NREMpyg ppy and REM periods. Furthermore, since
previous studies in rats (Jelev et al. 2001) and cats (Richard &
Harper, 1991) have also shown that GG activity in REM sleep is
characterised by periods both with and without phasic bursts of GG
activity (i.e. periods of REMpyasic o and REMronic oo, respectively),
these periods were also analysed and the proportion of the whole
REM sleep time spent in these tonic and phasic periods was also
calculated. Periods of REMpyssica were identified from the moving-
time average signal when bursts of GG activity occupied > 25% of
the analysed period and achieved a level > 25% of GG activity in
REM sleep. To prevent potential bias in the selection of periods of
tonic and phasic GG activity, analyses were also performed on GG
activity throughout the whole of the REM periods. Finally, to
determine the time course of the GG responses to the onset of REM
sleep, the average GG activity in each 5 s epoch for 1 min periods
immediately prior to and following the onset of EEG-defined REM
sleep were also calculated.

Each rat served as its own control, with all interventions performed
in one experiment, thus allowing for consistent effects of
experimental condition (e.g. ACSF or bicuculline, or inspired CO,
level) to be observed across sleep-wake states within and between
rats. Two to six periods of each sleep-wake state were analysed for
each experimental condition in each rat, and then for each animal
agrand mean was calculated for each variable, for each sleep—wake
state, at each CO, level and for each drug delivered to the
hypoglossal motor nucleus.

Histology and GG electrodes

At the end of the experiments the rats were re-anaesthetised with
ketamine and xylazine (85 and 15 mgkg', respectively, as
described above), and documentation of tongue protrusion was
tested again in response to electrical stimulation of the GG wires.
In all rats the electrodes were in place at the beginning and the end
of the study.

To mark the lesion site left by the microdialysis probe, potassium
permanganate (1%) was microinjected for 10 min at 2.1 £l min™"
viaa microdialysis probe with the membrane cut at the tip (Sun et al.
2000). The rats were then overdosed with urethane (0.5g) and
perfused intracardially with 40 ml of 0.9 % saline followed by 20 ml
of 10 % formalin. The brains were then removed and fixed in 10 %
formalin. The medullary regions were blocked, transferred to 30 %
sucrose and cut in 50 um coronal sections with a cryostat (Leica,
CM 1850, Nussloch, Germany). Each section with the lesion site was
mounted and stained with Neutral Red. Microdialysis sites were
localised from the stained sections and marked on standard brain
maps (Paxinos & Watson, 1998). For those rats used for fluorescence
studies, alternate sections were placed on separate glass slides for
fluorescence microscopy or conventional Neutral Red staining. The
distribution of fluorescein was also marked on standard brain maps
(Paxinos & Watson, 1998).

Statistical analysis

For all comparisons, differences were considered significant if the
null hypothesis was rejected at P < 0.05 using a two-tailed test. Data
was analysed using either analysis of variance with repeated
measures (RM-ANOVA) or paired ¢ tests. Student-Newman-Keuls
test was used for post hoc comparisons. Analyses were performed
using Sigmastat (SPSS, Chicago, IL, USA). All data are expressed as
means * S.E.M.
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RESULTS

Histology and distribution of perfusate in the
hypoglossal motor nucleus

Figure 1 shows the distribution of individual microdialysis
sites from all rats. Probes were located in the hypoglossal
motor nucleus in seven rats and in the midline
immediately adjacent to both nuclei in three rats. Figure 2
shows examples in two rats of the spread within the dorsal
medulla of fluorescein dialysed for 1 h or 6 h. For all rats,
the fluorescence was concentrated around the site of the
lesion left by the microdialysis probe and was largely
centred within the hypoglossal motor nucleus. Examples
of the lesion sites left by the microdialysis probes are
shown in the histological sections at the top of the figure.

Bicuculline at the hypoglossal motor nucleus

Example of response. Figure 3 shows an example of the
responses of the GG muscle to perfusion of bicuculline
into the hypoglossal motor nucleus in a naturally sleeping
rat, both with and without reflex respiratory stimulation
with increased inspired CO,. Note that in NREM sleep,
bicuculline produced clear increases in GG activity
compared to ACSF controls, both with room-air (C vs. A)
and CO,-stimulated breathing (D vs. B). However,
regardless of the presence of bicuculline at the hypoglossal
motor nucleus or respiratory stimulation with CO,, major
suppression of GG activity occurred in periods of
REMonic go- These records also show the periods of phasic
bursts of GG activity (i.e. REMpupsicgs), which are
normally associated with REM sleep (Richard & Harper,
1991;Jelevetal. 2001). This example shows that these transient
GG bursts were increased compared to ACSF, in the
presence of combined bicuculline and hypercapnia (D vs. B).

Group data

Effects of bicuculline and sleep—wake states on GG activity.
Figure 4 shows that administration of bicuculline at the
hypoglossal motor nucleus led to significant increases in
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respiratory-related GG activity during both room-air and
CO,-stimulated breathing. Specifically, in room air there was
a significant increase in GG activity after bicuculline
compared to ACSF (F,y,=10.76, P=0.01, two-way RM-
ANOVA) but GG activity still varied across sleep-wake states
(F,36 = 8.43, P < 0.001). Post hoc analyses showed that GG
activity was greater in wakefulness than in any stage of
NREM and REM sleep (all P <0.02, Student-Newman-
Keuls). Similar effects were observed for the influence of
bicuculline and sleep—wake states on tonic GG activity (both
P <0.03, two-way RM-ANOVA).

In hypercapnia, bicuculline also significantly increased
respiratory-related GG activity compared to ACSF
(F,p=12.27, P = 0.007, two-way RM-ANOVA), but again
GG activity varied across sleep—wake states (F,;c = 22.86,
P < 0.001) with activity being greater in wakefulness than
in any stage of NREM and REM sleep (all P < 0.001,
Student-Newman-Keuls). Tonic GG activity also varied
across sleep-wake states (F, 3, = 13.49, P < 0.001, two-way
RM-ANOVA) but, unlike the effects in room air, tonic GG
activity was not increased in hypercapnia by bicuculline
(Fio=3.13,P=0.111).

GG activity from NREM to REM sleep and the effects of
bicuculline. Figure 4 shows that with either room air or
CO,-stimulated breathing, respiratory-related GG activity
was minimal in REMronic go> regardless of whether ACSF
or bicuculline was present at the hypoglossal motor
nucleus. Statistical analyses confirmed that the stimulating
effect of bicuculline on respiratory-related GG activity did
depend on sleep state both in room air and hypercapnia
(both F, 5 > 7.28, both P < 0.005, two-way RM-ANOVA).
Post hoc analyses showed that although bicuculline
increased GG activity in NREM and NREMpg ey Sleep in
either room air or hypercapnia (all P < 0.009, Student-
Newman-Keuls), there was no effect of bicuculline on GG
activity in REMyonicge compared to ACSF (P> 0.63,
Student-Newman-Keuls). As such, in the presence of
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Figure 1. Location of the microdialysis probes

Distribution of individual microdialysis sites from all rats. Probes were located in the hypoglossal motor
nucleus in seven rats and in the midline immediately adjacent to both nuclei in three rats. The size of the bar
represents the apparent size of the lesion from the histological sections. Abbreviations: Cer, cerebellum; 4V,
fourth ventricle; Sol, nucleus of the tractus solitarius; XII, hypoglossal motor nucleus; RODb, raphe obscurus;

Py, pyramidal tract; AP, area postrema.
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Figure 2. Distribution of fluorescein dye dialysed into the hypoglossal motor nucleus

The top two photographs show examples in two rats of the spread of fluorescein dialysed for 1 h and 6 h into
the hypoglossal motor nucleus. Neutral Red-stained sections containing the lesion sites left by the
microdialysis probe are shown. The arrow indicates the sites of microdialysis. The distribution of
fluorescence around the probe site is also shown from the adjacent histological section. The distribution of
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Figure 3. Genioglossus (GG) responses to bicuculline at the hypoglossal motor nucleus in
natural sleep

Sleep patterns and respiratory muscle activities with microdialysis perfusion of artificial cerebrospinal fluid
(ACSF) and bicuculline into the hypoglossal motor nucleus during room-air and CO,-stimulated breathing.
In non-rapid-eye-movement (NREM) sleep bicuculline produced clear increases in GG activity compared to
ACSFboth inroom air (Cvs. A) and with CO, (D vs. B). However, major suppression of GG activity occurred
in periods of rapid eye movement (REM) sleep without phasic GG twitches (i.e. REMronic gg) across all
conditions. The GG and diaphragm (DIA) signals are displayed as their moving-time averages (MTA) in
arbitrary (Arb.) units. The integrator baseline (i.e. electrical zero) is shown for the GG MTA. The arrow on
the DIA and GG calibration bars denotes the direction of inspiration. REMpysic o, REM associated with
phasic GG muscle twitches; NREM g reu> periods of NREM that were analysed occurring immediately prior
to REM; EEG, electroencephalogram; EMG, electromyogram.

bicuculline there remained significant suppression of GG
activity from NREM to REM sleep both in room air and
hypercapnia (all P < 0.001 Student-Newman-Keuls).

Although there was no effect of bicuculline on GG activity
in REM sleep during room-air breathing, REMpuasic oo
was increased by bicuculline, but only in hypercapnia
(P =0.004, Student-Newman-Keuls, see Figs 3 and 4).
There was no difference in GG activity between NREM
and NREMpy; rpy sleep in either room air or hypercapnia
(all P > 0.08, Student-Newman-Keuls).

Effects of CO, on GG activity. There was a significant
stimulating effect of CO, on respiratory-related GG activity
with both ACSF and bicuculline at the hypoglossal motor
nucleus (both F, ¢ > 11.37, both P < 0.009, two-way RM-
ANOVA). Further analyses showed that the percent change
in GG activity with CO, stimulation was not different for
ACSF or bicuculline (F,, = 2.24, P = 0.169, two-way RM-
ANOVA). Nevertheless, for both ACSF and bicuculline,
the effects of CO, on GG activity depended on sleep state
(both F;,; > 5.89, P < 0.004, two-way RM-ANOVA). Post
hoc analyses showed that CO, caused significant increases

fluorescence in the hypoglossal motor nuclei for each individual rat is shown in the lower panels. Each rat is
shown in a different colour and the bars indicate the sites of microdialysis. Note that the spread of
fluorescence is largely within the medullary regions containing the hypoglossal motor nuclei. The traces on
the left show the anatomical structures for orientation. Abbreviations as for Fig. 1.
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Figure 4. Group data showing GG
responses to bicuculline at the
hypoglossal motor nucleus

Group data showing changes in respiratory-
related GG activity across all sleep—wake states
during microdialysis perfusion of ACSF and
bicuculline into the hypoglossal motor nucleus
during both room-air and CO,-stimulated
breathing. Note that GG activity was effectively
abolished in periods of REMronic g across all
conditions. All values are means + S.E.M.

NREM  NREMprerem REMronces  REMpuasic se

in respiratory-related GG activity in both NREM and
NREMpgg rem sleep with either ACSF or bicuculline at the
hypoglossal motor nucleus (all P <0.004, Student-
Newman-Keuls), but there was no independent stimulating
effect of CO, in any period of REM sleep (all P> 0.05,
Student-Newman-Keuls).

Tonic and phasic GG activity in REM sleep. Figure 5
shows the percentage of the entire REM episode that was
associated with periods of tonic and phasic GG activity for
both ACSF and bicuculline at the hypoglossal motor nucleus.
Analysis showed that the effects of ACSF or bicuculline on
the amount of REMonic g6 0f REMpiasic oo depended on
the level of respiratory stimulation with CO, (F,, = 5.73,
P=0.04, two-way RM-ANOVA). Post hoc analyses
confirmed that during room-air breathing, the amount of
REM sleep accompanied by phasic bursts of GG activity
was decreased by bicuculline compared to ACSF (P = 0.03,
Student-Newman-Keuls), although all other effects were
of marginal statistical significance (range, P = 0.164-0.064).
For the neck EMG, CO, stimulation decreased the
percentage of the REM episode that was accompanied by
phasic twitches in neck muscle activity (F,y=49.23,
P <0.01, two-way RM-ANOVA) although there was no
effect of bicuculline per se on neck muscle activity (F, o = 2.23,
P =0.164, two-way RM-ANOVA).

WAKE

GG activityin entire REM periods

The data in Fig. 4 show that there was major suppression of
GG activity from NREM and NREMg gy sleep to REM
sleep periods without phasic bursts of GG activity (i.e.
REMronic gg)- Importantly, GG activity was minimal during
these periods regardless of the presence of ACSF or
bicuculline at the hypoglossal motor nucleus, or room air
and CO,-stimulated breathing. However, to avoid any
potential bias in analysing only selected periods of tonic and
phasic GG activity in REM sleep, further analysis was
performed on GG activity measured throughout the entire
REM episodes (i.e. inclusive of all tonic and phasic GG events
as they occurred). These data are shown in Fig. 6. Analysis
showed that although there was a tendency for GG activity to
increase in overall REM sleep in the presence of combined
hypercapnia and bicuculline at the hypoglossal motor
nucleus (Fig. 6), there was no statistically significant effect of
bicuculline on GG activity in total REM sleep (F, 4 = 4.00,
P =0.08, two-way RM-ANOVA).

GG activity at transition from NREM to REM sleep

The previous analysis was performed on selected periods
of stable NREM and REM sleep data separated in time. To
allow the characterisation of GG suppression at the onset
of REM sleep, further analyses were performed for 1 min
periods immediately preceding and following the onset of

Figure 5. The percentage of REM sleep
associated with periods of tonic and phasic
GG activity

Group data showing the changes in tonic and phasic
GG activities in REM sleep with bicuculline (BIC) and

100 -
oRoom Air
o)
g 80 ;\\ir = Hypercapnia ————— e
a >
w g0 J:
=
e
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k= .'U
8 20 S
o
o

ACSF at the hypoglossal motor nucleus compared to
neck muscle activity during room-air and CO,-
stimulated breathing. The percentage of REM sleep
accompanied by phasic bursts of GG activity was
decreased by bicuculline compared to ACSF. No

other changes were statistically significant. See text

ACSF BIC ACSF BIC ACSF BIC . .. .
for further details. Abbreviations are as for Fig. 3.

Tonic GG Phasic GG Phasic Neck
Activity
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Figure 6. GG activity analysed across the entire 1)

REM period z_ 15
Group data showing GG activity measured throughout T ‘g

the entire REM episodes. Although there was a tendency 2 2 10
for GG activity to increase in overall REM sleep in the @ =
presence of combined CO, stimulation and bicuculline e
(BIC) at the hypoglossal motor nucleus there was no 2 S
statistically significant effect of bicuculline on GG &

activity in total REM sleep. 0

REM sleep as identified by EEG criteria. Figure 7 shows an
example of the change in GG activity from NREM to REM
sleep with bicuculline at the hypoglossal motor nucleus.
Note the major suppression of GG activity at the onset of
REM sleep, despite the GABA, receptor antagonism. Periods
of phasic bursts of GG activity occur later in the REM
episode.

Overall group data. Figure 8 shows group data for the
change in GG activity from NREM to REM sleep with both
ACSF and bicuculline at the hypoglossal motor nucleus,
during both room-air and CO,-stimulated breathing. In
confirmation of the previous analyses, bicuculline increased
respiratory-related GG activity in both room air and
hypercapnia for NREM and NREMpgg ey sleep (all
F,y>7.24,all P < 0.03, two-way RM-ANOVA). In contrast,
in REM sleep bicuculline did not increase GG activity
during room-air breathing compared to ACSF (F, 4, = 0.16,
P =0.698). There was, however, a significant stimulating
effect of bicuculline on GG activity in REM sleep in the

ACSF ACSF + CO, BIC BIC + CO,

presence of hypercapnia (F, = 16.49, P = 0.003); this is in
keeping with previous observations (Figs 3 (D vs. B), 4 and 6).

GG activity over time in NREM sleep. GG activity was stable
across time in NREM sleep so that there was no statistical
effect of time on GG activity either in room air or
hypercapnia, irrespective of whether ACSF or bicuculline
were present at the hypoglossal motor nucleus (both
Fi4>0.71, both P> 0.623, two-way RM-ANOVA). In
NREMpre rem Sleep, however, GG activity showed graded
suppression prior to the onset of EEG-defined REM sleep
during both room air and CO,-stimulated breathing (both
Fi199 > 3.20, P <0.001, two-way RM-ANOVA). However,
this change in GG activity over time did not depend on the
presence of ACSF or bicuculline at the hypoglossal motor
nucleus during room air breathing (F,; o9 = 1.80, P = 0.064),
but did in hypercapnia (F; 4 = 2.08, P = 0.028). These data
are consistent with the observation that the decline in GG
activity in NREMpgg rey sleep with bicuculline was less than
with ACSF during hypercapnia (Fig. 8).

Bicuculline
NREM NREM_ge rem * REM

MTA  Units
GG  Arb. R R L,\
MTA  Units T__ — L Ll
SO 20 | i ——— I
EMG mV | ' T ‘1 - ‘,
Neck 500 L L " - -
EMG mv | Wik ¥ e 4
EEG 200

mV

10s

Figure 7. GG activity upon transition from NREM to REM sleep with bicuculline at the

hypoglossal motor nucleus

Example showing the abolition of GG activity at the onset of REM sleep despite the presence of bicuculline at
the hypoglossal motor nucleus. Abbreviations are as for Fig. 3.
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Figure 8. Group data showing changes in GG activity from NREM to REM sleep

Group data showing changes in respiratory-related GG activity from NREM to REM sleep during
microdialysis perfusion of ACSF and bicuculline into the hypoglossal motor nucleus during both room-air
and CO,-stimulated breathing. GG activity in REM sleep was similar across all conditions. See text for further
details.

8 ACSF
777777777777777777 WACSF+CO, s B

8
>

o Bicuculline

®Bicuculline + CO,

8

8

8

0 0

]

Respiratory Rate (breaths.min-1)
8
Phasic DIA Activity (Arb.Units)

NREM  NREMpecrew REMioncos REMpmscas  WAKE NREM  NREMpeerew REMioncos REMpmscos  WAKE

)

o
(4]
Neck EMG (Arb. Units)

EEG Frequency
(% B,/ % d,)

0.0
NREM NREMererem  REMroncos  REMeyasic oo WAKE NREM NREMpperem  REMronc s REMpuasic oo WAKE

Figure 9. Group data showing specificity of responses to bicuculline at the hypoglossal
motor nucleus

Responses of respiratory rate (A), phasic diaphragm (DIA) activity (B), the ratio of high to low frequencies in
the EEG (C) and neck EMG (D) are shown across all sleep—wake states for microdialysis perfusion of ACSF
and bicuculline into the hypoglossal motor nucleus during both room-air and CO,-stimulated breathing.
There are no effects of bicuculline on any parameter in hypercapnia but bicuculline decreased respiratory
rate and increased diaphragm activity in room air. See text for further details.
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GG activity over time in REM sleep. In both room air and
hypercapnia there was a significant effect of time on GG
activity (both F; 40 > 2.36, P < 0.02, two-way RM-ANOVA)
consistent with REMronic o being prominent at the onset of
REM sleep, and REMppasic g occurring later into the REM
episode (e.g. see Fig. 7). However, the change in GG activity
over time was not different between ACSF and bicuculline at
the hypoglossal motor nucleus in either room air or
hypercapnia (both F), o9 < 1.44, P > 0.160).

Specificity of bicuculline effects on GG activity

Figure 9 shows the grouped mean data for the effects of
bicuculline vs. ACSF at the hypoglossal motor nucleus on
respiratory and sleep-related parameters during both room-
air and CO,-stimulated breathing. In hypercapnia there was
no effect of bicuculline on respiratory rate, respiratory-
related diaphragm activity, the ratio of high to low
frequencies in the EEG (i.e. %0,/%d,) and neck muscle
activity (all F4 < 3.32, P> 0.102, two-way RM-ANOVA).
Likewise, in room air there was no effect of bicuculline on the
ratio of high to low frequencies in the EEG or neck muscle
activity (both F,4 < 3.22, P> 0.110). In room air, however,
bicuculline caused a consistent decrease in respiratory rate
(Fig. 9A, F,y=14.10, P=0.004) and an increase in
respiratory-related diaphragm activity (Fig. 9B, F, , = 18.98,
P =0.002) that led to overall increases in diaphragm minute
activity (mean increase = 10.5 %, F, y = 10.76, P = 0.009).

The independent effects of sleep—wake states on
respiratory variables (e.g. increased respiratory rates in
REM) and sleep data (e.g. changes in EEG frequencies and
neck EMG), and their response to CO,, were as described
previously (Jelev et al. 2001; Horner et al. 2002).

Figure 10. GG activation by 5-hydroxytryptamine
(5-HT) at the hypoglossal motor nucleus

Example showing an increase in GG activity with
microdialysis perfusion of serotonin (5-HT) into the
hypoglossal motor nucleus. These traces from one rat
were both obtained in NREM sleep. Abbreviations are as
for Fig. 3.

GABA and hypoglossal motor output in REM sleep 579

Stimulation of the hypoglossal motor nucleus with
serotonin

The consistent increase in GG activity in NREM sleep and
wakefulness with bicuculline was initial evidence for an
intact hypoglossal motor nucleus that was able to respond
to manipulation of neurotransmission. In three rats,
further confirmation of a functional hypoglossal motor
nucleus was performed at the end of the experiments by
perfusing the probes with 10 mM serotonin (creatinine
sulphate complex, FW: 387.4, Sigma), a dose that increases
GG activity in sleeping rats (Jelev et al. 2001). Figure 10
shows an example of the increase in GG activity following
application of serotonin to the hypoglossal motor nucleus.
Similar responses were observed in the other two rats. The
increase in GG activity with serotonin was marked and
easily distinguishable, thereby allowing determination of
latencies. The latency to an increase in GG activity
following the switch to serotonin was 16.7 + 4.0 min,
consistent with a previous study (Jelev et al. 2001).

DISCUSSION

Differential GG responses to bicuculline at the
hypoglossal motor nucleus

The results of the present study show that delivery of the
GABA, receptor antagonist bicuculline to the hypoglossal
motor nucleus by in vivo microdialysis in freely behaving
rats caused consistent increases in GG activity in
wakefulness and NREM sleep but not in REM sleep. The
increase in GG activity after bicuculline in NREM sleep is
consistent with in vitro studies showing inhibitory GABA,
receptors on hypoglossal motoneurons (O’Brien & Berger,
1999; Donato & Nistri, 2000, 2001) and in vivo studies in
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anaesthetised animals showing that such receptors are
tonically active (Liu et al. 2003). The greater increase in GG
activity in response to bicuculline in wakefulness is probably
due to removal of the same inhibitory GABA, tone against
a background of increased endogenous excitatory neuro-
transmitters associated with the waking state (e.g.
serotonin, thyrotropin-releasing hormone, substance P
and noradrenaline; for review see Kubin et al. 1998).
However, no previous studies have addressed whether
such inhibitory GABA, mechanisms at the hypoglossal
motor nucleus are recruited in specific behaviours (e.g. to
explain the major suppression of GG activity in periods of
natural REM sleep; Sauerland & Harper, 1976; Megirian et
al. 1985; Parisi et al. 1987; Wiegand et al. 1991; Horner et
al. 2002). If so, antagonism of such GABA, mechanisms
may be expected to lead to increased GG activity in REM
sleep compared to ACSF controls. The results of the present
study show, however, that despite the increase in GG
activity in wakefulness and NREM sleep with bicuculline,
GG activity was minimal upon transition into REM sleep
and remained effectively abolished in those REM sleep
periods without phasic twitches in the GG muscle.
Therefore, this study shows that the prevailing sleep—wake
states exert significant modulating effects on the GG
responses to GABA, receptor antagonism at the hypoglossal
motor nucleus. These results highlight the significant
differences in the neurobiology of hypoglossal motor
control between NREM and REM sleep, and emphasise
the importance of studies in intact freely behaving animals
in extrapolating results from reduced preparations to
specific behaviours such as natural sleep—wake states.

Control of GG activity in REM sleep

Several in vitro studies have characterised the inhibitory
control of hypoglossal motoneurons (Umemiya & Berger,
1995; Singer et al. 1998; O’Brien & Berger, 1999; Donato &
Nistri, 2000), with these circuits thought to be involved in
the documented inhibition of hypoglossal motoneurons
in the carbachol model of REM sleep (Yamuy et al. 1999;
Fung et al. 2000) and potentially natural REM sleep (Fung
et al. 2001). Evidence suggests that glycine mediates a
significant component of this inhibition in REM sleep
(Yamuy et al. 1999), as it does for lumbar and massetter
motoneurons (Morales et al. 1987a,b; Pedroarena et al. 1994;
Lopez-Rodriguez et al. 1995). In humans, administration
of strychnine to a patient with obstructive sleep apnoea
also led to increased GG activity (i.e. in support of
glycinergic inhibition), although sleep states were not
reported in that study and further patients were not
presented (Remmers et al. 1980). Although disfacilitation
via withdrawal of excitatory neurotransmitters, such as
serotonin, may also be involved concurrently in suppressing
hypoglossal motoneurons in REM sleep (Kubin et al. 1993;
Woch et al. 1996), the relative inadequacy of pharmaco-
logical attempts to increase GG activity in REM sleep by
modulating serotonin levels has been disappointing both

] Physiol 548.2

in humans and animal models (for review see Horner,
2001 and references therein), even with direct application
of serotonin to the hypoglossal motor nucleus (Jelev et al.
2001). These data suggest that post-synaptic inhibition
plays a more dominant role in suppression of GG activity
in REM sleep than does disfacilitation. This effect may
become especially apparent as serotonin levels are
withdrawn prior to and during REM sleep (Trulson &
Trulson, 1982; Jacobs & Azmitia, 1992; Woch et al. 1996),
an effect that would be expected to increase the efficacy of
any ongoing inhibitory glycinergic inputs to the
hypoglossal motor nucleus (Umemiya & Berger, 1995).

However, the potential role of GABA in this process of
REM-sleep-related inhibition of hypoglossal motor
activity had not been addressed prior to this study, despite
evidence for robust GABA, inhibition of hypoglossal
motoneurons in vitro (O’Brien & Berger, 1999; Donato &
Nistri, 2000, 2001) and in vivo (Liu et al. 2003). The results
of the present study in freely behaving rats show that
GABA, receptor antagonism at the hypoglossal motor
nucleus does not increase GG muscle activity in natural
REM sleep during normal breathing as well as reflex
respiratory stimulation, despite evidence for tonically
active GABA, receptors at the hypoglossal motor nucleus
that caused the observed increase in GG activity after
bicuculline in states outside of REM sleep. It remains to be
tested whether recruitment of glycinergic inhibition
explains the major suppression of GG activity that persists
in REM sleep despite the GABA, receptor antagonism.
However, the results of the present study do suggest that
therapeutic strategies aimed at increasing GG activity via
modulation of GABA, mechanisms at the hypoglossal
motor nucleus may be less effective in reducing the severity
of obstructive sleep apnoea in REM sleep compared with
NREM sleep. In the present study, the absence of an effect
of GABA, antagonism on GG activity specifically in REM
sleep was confirmed by three complimentary analyses: (a)
analysis of selected periods of REM sleep distinguishing
between epochs with tonic and phasic bursts of GG
activity, (b) analysis of the whole REM period to avoid
potential bias in the selection of the tonic and phasic GG
activities, and (c) analysis of the change in GG activity
during transition from NREM to REM sleep. Of relevance,
a similar inability of GABA, receptor antagonism to
reverse the suppression of hypoglossal nerve activity has
also been observed in the carbachol model of REM sleep in
decerebrate cats (Kubin et al. 1993).

It is possible, however, that mechanisms unrelated to sleep
neural processes could also influence GG activity in REM
sleep. For example, central respiratory drive and respiratory
rate normally increase in REM sleep (Fig. 9 and Orem et al.
2000) and this could lead to reduced GG activity via
decreased arterial partial pressure of CO, (P, ¢o,). However,
the minimal GG activity in REM sleep during room air was
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similar to during hypercapnia, specifically at the onset of
REM sleep and in REM periods without the phasic bursts of
GG activity. In addition, since respiratory rates decline rather
than increase in REM sleep in hypercapnia (Fig. 94 and
Horner et al. 2002), a REM-related decrease in P,co, is
unlikely to explain the periods of major suppression of GG
activity.

Effects of GABA, receptor antagonism on tonic vs.
respiratory-related GG activity

GABA, antagonism at the hypoglossal motor nucleus
increased both tonic and respiratory-related GG activity in
room air, but increased only respiratory-related GG activity
in hypercapnia. This preferential increase in respiratory-
related GG activity with GABA, receptor antagonism has
also been observed in anaesthetised rats where the
respiratory drive to GG muscle was increased by vagotomy
(Liu et al. 2003). While there are clear inhibitory GABAergic
influences on hypoglossal motoneurons (O’Brien & Berger,
1999; Berger, 2000; Donato & Nistri, 2000, 2001) it is
noteworthy that inspiratory hypoglossal motoneurons are
not inhibited during expiration (Withington-Wray et al.
1988; Woch & Kubin, 1995; Peever et al. 2001), unlike
phrenic (Lipski et al. 1985) and inspiratory intercostal
motoneurons (Kirkwood et al. 1993). Rather, inspiratory
hypoglossal motoneurons receive synaptic inhibition
towards the end of inspiration (Withington-Wray et al.
1988) and at the transition to expiration (Woch & Kubin,
1995). Therefore, if such inspiratory-related inhibition were
mediated, at least in part, by GABA, mechanisms, then
bicuculline at the hypoglossal motor nucleus may be
expected to increase inspiratory GG activity at the expense of
tonic activity, particularly during periods of heightened
respiratory drive, such as during hypercapnia.

Tonic vs. phasic twitches in GG activity in REM sleep
Periods of transient suppression of GG activity and
ventilation occur in phasic REM sleep in humans (Wiegand
et al. 1991). In rats, periods of complete cessation of GG
activity occur for the majority of the REM period, although
characteristic twitches in GG activity also occurred (e.g. see
Figs 3and 7, and Jelev et al. 2001). These bursts of GG activity
are sporadic and not always associated with bursts of neck
EMG activity, and since rapid eye movements were not
measured in this study, due to the number of wires that we
could reasonably implant, it is unknown if these GG twitches
were associated with REM sleep with or without eye
movements. Nevertheless, the REM sleep state is not solely
associated with motor inhibition, and it is therefore possible
that the transient bursts of GG activity may be typical of the
transient membrane depolarisations that characterise REM
sleep in the hypoglossal (Richard & Harper, 1991) as well as
other motoneuron pools (Glenn et al. 1978; Chase &
Morales, 1983; Orem, 1994).

Bicuculline at the hypoglossal motor nucleus increased
GG activity in wakefulness and NREM sleep, but no such

GABA and hypoglossal motor output in REM sleep 581

increase was observed when REM sleep was analysed as a
whole. Further analysis of the REM sleep periods showed
that the only significant effect of bicuculline observed in
REM sleep was the increase in GG activity associated with
phasic GG twitches, but this occurred only in the presence
of CO,. It is unlikely that this effect was caused by increased
amounts of phasic REM sleep per se, because the proportion
of phasic neck muscle activity in REM sleep was decreased
by hypercapnia (Fig. 5). The increased GG activity is therefore
likely to be a bicuculline effect that was revealed only at
times of heightened respiratory drive to the GG muscle by
the mechanisms discussed in the previous section, in
conjunction with periods of transient excitatory motor
drives characteristic of normal REM sleep (Glenn et al.
1978; Chase & Morales, 1983; Orem, 1994).

Specificity of responses

A specific effect of bicuculline at the hypoglossal motor
nucleus is strongly indicated if there are no changes in
control measurements compared to ACSF. Such control
measurements included the neck EMG (control postural
muscle), diaphragm (control respiratory muscle) and the
EEG (marker of arousal). In hypercapnia, none of these
control measurements were altered by bicuculline, indicating
aspecific effect at the hypoglossal motor nucleus. Likewise,
in room air neither the neck EMG nor EEG frequencies
were altered by bicuculline. In room air, however, bicuculline
caused a consistent decrease in respiratory rate and
increase in diaphragm activity that led to overall increases
in diaphragm minute activity by approximately 10 %.
Similar effects on respiratory activity with bicuculline at
the hypoglossal motor nucleus were observed in
anaesthetised, tracheotomised rats (Liu ef al. 2003), thereby
ruling out that the effects on diaphragm activity were
indirect and mediated by changes in upper-airway patency
via increased GG activity. However, the increase in
diaphragm activity may suggest spread of bicuculline
beyond the hypoglossal motor nucleus. GABAj receptors
have been implicated in the reticular formation surrounding
the hypoglossal motor nucleus (Okabe et al. 1994),
although there is little information for GABA, receptors
(Tebecis & Ishikawa, 1973). Nevertheless, as shown in
Fig. 2, bicuculline may have diffused into the nucleus of
the tractus solitarius, where it could have affected
respiratory rhythm via modulation of afferent inputs or
dorsal respiratory group neurons (Kubin et al. 1993;
McCrimmon et al. 1995; Paton & Richter, 1995; Shao &
Feldman, 1997; Berger, 2000). There is also the possibility
that the perfusate could have spread to the surface of the
medulla and hence into the fourth ventricle (Fig. 2).
Although to our knowledge, the effects on hypoglossal
nerve activity of the application of GABA or bicuculline
directly into the fourth ventricle have not been reported,
GABA 1in the fourth ventricle has been shown to cause
respiratory depression, whereas bicuculline increased
minute ventilation via increased tidal volume but without



5
S
S

(7%
i
A
s
=

=

~

3
~

582 J. L. Morrison and others

a change in respiratory rate (Yamada et al. 1982). However,
these potential effects produced by spread of the perfusate
outside of the hypoglossal motor nucleus do not detract
from the main results of the present study, since any
increase in overall diaphragm activity would be expected
to produce a degree of relative hypocapnia, and as such
would not fully explain the increase in GG activity
produced by bicuculline in NREM sleep and wakefulness
but not REM sleep.

The delivery of agents to the hypoglossal motor nuclei was
by unilateral microdialysis; this may have influenced our
results since the nuclei are distributed bilaterally. However,
most probe placements were at, or close to, the midline
(Fig. 1). Given the close proximity of both motor nuclei
and the extensive bilateral distribution of dendrites of
adult hypoglossal motoneurons (Paxinos, 1995), it is
unlikely that our interventions only affected one nucleus,
although this was not specifically tested with bilateral
interventions. Nevertheless, GG activity was measured with
electrodes placed either side of the tongue (i.e. recording
activity across the whole muscle innervated by both
hypoglossal nerves), and the fluorescence was typically
distributed bilaterally (Fig. 2). Indeed, the dialysed fluor-
escence was typically distributed to dorsal regions of the
medulla encompassing the hypoglossal motor nuclei.

Although pharyngeal muscle recordings were made only
from the GG in this study, it is likely that tongue retractors
were also activated in hypercapnia (Fuller ef al. 1998) and
would be influenced by bicuculline. However, this latter
influence may be to a lesser degree than for GG moto-
neurons, since the probe sites were located in rostral
regions of the motor nucleus (Fig. 1 and Paxinos &
Watson, 1998). Nevertheless, activity in both the tongue
retractor and protruder muscles is beneficial for the
maintenance of airway patency (Fuller et al. 1999).
Accordingly, the mechanisms at the hypoglossal motor
nucleus modulating pharyngeal muscle activity across
sleep—wake states, especially REM sleep, will be significant
in understanding the neural mechanisms maintaining
upper-airway patency. Such studies will also be important
in guiding therapeutic strategies for obstructive sleep
apnoea to determine if the pharyngeal muscles can be
selectively activated in sleep, especially REM sleep.
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