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Muscarinic Inhibition of Hypoglossal Motoneurons: Possible
Implications for Upper Airway Muscle Hypotonia during
REM Sleep
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Proper function of pharyngeal dilator muscles, including the genioglossus muscle of the tongue, is required to maintain upper airway
patency. During sleep, the activity of these muscles is suppressed, and as a result individuals with obstructive sleep apnea experience
repeated episodes of upper airway closure when they are asleep, in particular during rapid-eye-movement (REM) sleep. Blocking cho-
linergic transmission in the hypoglossal motor nucleus (MoXII) restores REM sleep genioglossus activity, highlighting the importance of
cholinergic transmission in the inhibition of hypoglossal motor neurons (HMNs) during REM sleep. Glutamatergic afferent input from
neurons in the parahypoglossal (PH) region to the HMNs is critical for MoXII respiratory motor output. We hypothesized that state-
dependent cholinergic regulation may be mediated by this pathway. Here we studied the effects of cholinergic transmission in HMNs in
adult male and female mice using patch-clamp recordings in brain slices. Using channelrhodopsin-2-assisted circuit mapping, we first
demonstrated that PH glutamatergic neurons directly and robustly activate HMNs (PH Glut ¡ HMNs). We then show that carbachol
consistently depresses this input and that this effect is presynaptic. Additionally, carbachol directly affects HMNs by a variable combi-
nation of muscarinic-mediated excitatory and inhibitory responses. Altogether, our results suggest that cholinergic signaling impairs
upper airway dilator muscle activity by suppressing glutamatergic input from PH premotoneurons to HMNs and by directly inhibiting
HMNs. Our findings highlight the complexity of cholinergic control of HMNs at both the presynaptic and postsynaptic levels and provide
a possible mechanism for REM sleep suppression of upper airway muscle activity.
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Introduction
Individuals with obstructive sleep apnea (OSA) are predisposed
to upper airway collapse during sleep. In these individuals, the
progressive loss of pharyngeal dilator muscle tone during sleep

results in constriction of the airway leading to hypoventilation or
even apnea if the airway fully collapses. As their arterial CO2 levels
rise, patients with OSA make progressively greater respiratory
efforts until they arouse and the airway reopens; when they re-
sume breathing, they quickly return to sleep (Malhotra and
White, 2002). This cycle repeats itself hundreds of times over the
night, resulting in chronic daytime sleepiness, impaired cognitiveReceived Feb. 27, 2019; revised July 8, 2019; accepted Aug. 13, 2019.
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Significance Statement

Individuals with obstructive sleep apnea can breathe adequately when awake but experience repeated episodes of upper airway
closure when asleep, in particular during REM sleep. Similar to skeletal postural muscles, pharyngeal dilator muscles responsible
for maintaining an open upper airway become hypotonic during REM sleep. Unlike spinal motoneurons controlling postural
muscles that are inhibited by glycinergic transmission during REM sleep, hypoglossal motoneurons that control the upper airway
muscles are inhibited in REM sleep by the combination of monoaminergic disfacilitation and cholinergic inhibition. In this study,
we demonstrated how cholinergic signaling inhibits hypoglossal motoneurons through presynaptic and postsynaptic muscarinic
receptors. Our results provide a potential mechanism for upper airway hypotonia during REM sleep.
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function, and other serious health consequences (Gagnon et al.,
2014).

Pharyngeal dilator muscles, including the genioglossus mus-
cle of the tongue are responsible for maintaining upper airway
patency (Fuller et al., 1999; Malhotra et al., 2000b; Oliven et al.,
2001). These muscles are innervated by the hypoglossal motor
nucleus (MoXII; Krammer et al., 1979; Aldes, 1995; Mu and
Sanders, 2010). Similar to skeletal postural muscles, activity of
the pharyngeal dilator muscles begins to decline with sleep onset
and continues to fall in rapid eye movement (REM) sleep (Mez-
zanotte et al., 1996). The reflexive reopening response to upper
airway negative pressure is also reduced in REM sleep, further
contributing to the potential for upper airway obstruction (Shea
et al., 1999; Carberry et al., 2016). Hypoglossal motoneurons
(HMNs), which control upper airway muscles, are regulated dif-
ferently than the spinal motor neurons in REM sleep. Work by
several groups has concluded that HMNs are inhibited by a com-
bination of monoaminergic disfacilitation and cholinergic inhi-
bition (Horner et al., 2014; Kubin, 2016; Rukhadze and Fenik,
2018).

Pharyngeal dilator muscles receive tonic, respiratory, and
negative pressure reflex drives that activate HMNs to ensure up-
per airway patency and protection against collapse during inspi-
ration (White, 2005). The genioglossus muscle is phasically
activated during inspiration, whereas tonic activation is main-
tained during and between breaths (Horner, 2009). Both tonic
and respiratory genioglossus activities are state-dependently reg-
ulated (Horner et al., 2014). Tonic genioglossus activity is greatly
reduced in the transition from wakefulness to non-REM
(NREM) sleep, and this is mediated by the withdrawal of norad-
renergic and glutamatergic inputs (Horner et al., 1994b; Horner,
2009). Respiratory genioglossus activation is driven by the input
from central respiratory generator neurons and the negative
pressure reflex (Horner et al., 2014). These two respiratory drives
converge onto glutamatergic premotoneurons in the parahyo-
glossal (PH) region, an area of the reticular formation lateral to
the MoXII (Chamberlin et al., 2007; Vann et al., 2018). Electrical
stimulation of this region evokes EPSCs in HMNs (Bellingham
and Berger, 1996); however, due to the nature of the stimulation
it has not been possible to determine whether these synaptic re-
sponses were evoked by the stimulation of local neurons or of
passing fibers.

Genioglossus respiratory activation is particularly affected
during REM sleep (Horner, 2009). Genioglossus activity is de-
pressed by cholinergic agonists, and in REM sleep it is reactivated
by the application of muscarinic antagonists in the MoXII (Liu et
al., 2005; Grace et al., 2013). How cholinergic signaling inhibits
HMNs (i.e., by direct inhibition of the HMNs, by presynaptic
suppression of an excitatory input, or both) remains unresolved.
Apparently contradictory findings from whole-animal physiol-
ogy studies in adult animals suggest a muscarinic inhibitory
mechanism for genioglossus hypotonia during REM sleep
(Horner, 2009; Grace et al., 2013), whereas in vitro electrophysi-
ological studies in neonatal animals emphasize nicotinic-
mediated activation of HMNs (Zaninetti et al., 1999; Chamberlin
et al., 2002). It is hypothesized that developmental changes in
cholinergic receptor expression in MoXII neurons might explain
these apparent conflicting results (Machaalani et al., 2010; Vive-
kanandarajah et al., 2015).

In this study, we examined the effects of cholinergic signaling
on HMNs and on the afferent input from PH glutamatergic neu-
rons (PH Glut ¡ HMNs) in brain slices of adult mice. We ex-
pressed channelrhodopsin-2 (ChR2) in PH glutamatergic

neurons to isolate the PH Glut ¡ HMN input and examined the
effect of carbachol on the optogenetic activated PH Glut ¡ HMN
input.

Materials and Methods
Experimental design and statistical analysis
Animals and experimental design. All mice were treated in accordance
with guidelines from the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and all protocols were approved
by the Beth Israel Deaconess Medical Center Institutional Animal
Care and Use Committee. We used 42 VGlut2-ires-Cre mice (23 males
and 19 females), 2 ChATBAC-eGFP::VGlut2-IRES-Cre mice (2 males),
and 21 wild-type C57BL/6J mice (11 males and 10 females). All record-
ings were made from mice that were between 6 and 9 weeks of age.
VGlut2-ires-Cre mice (Slc17a6 tm2(cre)Lowl; stock #016963, The Jackson
Laboratory) express Cre-recombinase under the control of the vesicular
glutamate Transporter 2 (VGlut2) gene allowing restrict recombination
in the glutamatergic neurons (Vong et al., 2011). The ChATBAC-eGFP::
VGlut2-IRES-Cre mice express Cre-recombinase in VGlut2-expressing
neurons and GFP in cholinergic neurons and were obtained by crossing
VGlut2-IRES-Cre mice with ChATBAC-eGFP mice (stock #007902, The
Jackson Laboratory; Tallini et al., 2006). We housed all mice in a
pathogen-free animal research facility maintained on a 12 light/dark cy-
cle (lights on at 7:00 A.M.) at 22°C ambient temperature and with ad
libitum access to food and water.

To test synaptic connectivity between glutamatergic neurons in the PH
region and HMNs (PH Glut ¡ HMNs), we expressed ChR2 in the gluta-
matergic neurons in the PH region. We placed unilateral microinjections
of an adeno-associated virus (AAV) vector coding for cre-dependent
ChR2 (AAV-DIO-ChR2-mCherry) into the PH region of VGlut2-IRES-
Cre mice. This AAV-DIO-ChR2-mCherry virus [construct: EF1a-DIO-
hChR2(H134R)-mCherry prepared into an AAV serotype 8, 6 � 10 12

genomic copies/ml) was prepared by the UNC Gene Therapy Center
(University of North Carolina, Chapel Hill; Williams et al., 2014). As
previously described (Mochizuki et al., 2011), we injected 37 VGlut2-
IRES-Cre mice and 2 ChATBAC-eGFP::VGlut2-IRES-Cre mice with 16.5
nl of AAV-DIO-ChR2-mCherry in the PH region [anteroposterior (AP),
�0.2 mm from the calamus scriptorius; mediolateral (ML), 1.2 mm from
midline; dorsoventral (DV) �1.3 mm from the surface of the brain]. For
the experiments in which we restricted ChR2 expression to the PH region
at the level of the area postrema, we injected 8 VGlut2-IRES-Cre mice
with 3.3 nl of AAV-DIO-ChR2-mCherry (AP, �0.2 from calamus scrip-
torius; ML, 0.8 mm; DV, �1.2 mm). Three weeks after AAV injections,
we prepared coronal brainstem slices containing the MoXII for electro-
physiological recordings.

To test synaptic connectivity between PH glutamatergic neurons and
genioglossus motoneurons (GMNs; PH Glut ¡ GMNs), we expressed
ChR2 in PH glutamatergic neurons and retrogradely labeled GMNs by
injecting fluorescent-conjugated Cholera Toxin Subunit B (F-CTB) into
the genioglossus muscle of the tongue. We injected 7 VGlut2-IRES-Cre
mice with 3.3 nl of AAV-DIO-ChR2-mCherry in the PH region (AP, �0.2
from calamus scriptorius; ML, 0.8 mm; DV, �1.2 mm), and 2 weeks after
the AAV injections we injected the genioglossus muscle of the same mice
with F-CTB (Invitrogen Alexa Fluor-488-conjugated CTB, Thermo
Fisher Scientific. For the tongue injections, we deeply anesthetized the
mice initially in an induction chamber (isoflurane, 5% in oxygen) and
then throughout the surgical procedure through a nose mask (isoflurane,
1–2% in oxygen). We placed the mice supine on a 30° inclined platform
(Kent Scientific) supported with Velcro strips around the hips, abdomen,
and chest. With the mouse positioned with head tilted back and the
mouth kept open with retractors, we intraorally pressured-injected
F-CTB (594 �l) through the base of the tongue (at the level of the man-
dible attachment of the tongue) into the genioglossus muscle (4 mm in
depth). Injections were performed using a glass pipette (25 �m tip diam-
eter). One week after the tongue injections, we prepared brainstem slices
containing the MoXIIs and recorded from fluorescently labeled GMNs.

Slice preparation, whole-cell patch-clamp recordings and ChR2-assisted
circuit mapping. To prepare brain slices, we anesthetized mice with iso-
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flurane and then transcardially perfused them with ice-cold artificial CSF
[ACSF; N-methyl-D-glucamine (NMDG)-based solution], followed by
decapitation. We quickly removed the mouse brains and made coronal
brainstem slices (250 �m thickness) in ice-cold NMDG-based ACSF
using a vibrating microtome (VT1200S, Leica). We incubated the slices
containing the MoXII for 6 min at 34°C in NMDG-based ACSF, and we
then transferred them into a holding chamber containing Na-based
ACSF for an additional 10 min at 34°C. After this incubation period, we
removed the holding chamber from the warm water bath and let the
brain slices gradually return to room temperature for at least 30 min. We
recorded HMNs expressing GFP and GMNs retrogradely labeled with
F-CTB using a combination of fluorescence and infrared (IR)-
differential interference contrast microscopy. We recorded brain slices
submerged and perfused (2 ml/min) with Na-based ACSF. We used a
fixed-stage upright microscope (BX51WI, Olympus America) equipped
with a Nomarski water-immersion lens (Olympus 40�/0.8 numerical
aperture) and IR-sensitive CMOS (complementary metal-oxide-
semiconductor) camera (Thorlabs). Real-time images were acquired us-
ing MATLAB (MathWorks) script software. We recorded neurons at
room temperature in whole-cell configuration using a Multiclamp 700B
amplifier (Molecular Devices), a Digidata 1322A interface, and Clampex
10 software (Molecular Devices). We monitored the series resistance at
regular intervals, and we discarded the data if neurons showed an unsta-
ble resting membrane potential or if the series resistance changed by
�25%. We photostimulated the glutamateric PH input expressing ChR2
using full-field 10 ms light pulses (�10 mW/mm 2, 1 mm beam width; we
photostimulated at 0.1 Hz, for a minimum of 30 trials) from a 5 W
Luxeon blue light-emitting diode (470 nm wavelength; #M470L2-C4,
Thorlabs) coupled to the epifluorescence pathway of the microscope. We
photostimulated a circular field (500 �m radius) around the recorded
neurons. Photo-evoked EPSCs were recorded at membrane holding volt-
age (Vh ) � �60 mV using a K gluconate-based pipette solution, and to
test monosynaptic connectivity, we recorded photo-evoked EPSCs in the
presence of tetrodotoxin (TTX, 2 �M � 4-AP, 1 mM; Hull et al., 2009;
Petreanu et al., 2009). We tested the effect of carbachol on HMNs holding
currents in voltage-clamp mode (Vh � �60 mV; in TTX, 1 �M).

Histology. Immediately following the in vitro recordings, recorded
slices and additional slices containing the injection site were fixed over-
night in 10% buffered formalin and then examined for the ChR2-
mCherry native fluorescence. We plotted the outline regions containing
ChR2-mCherry-expressing neurons onto template drawings (Paxinos
and Franklin, 2001) using Photoshop (Adobe). We compiled the distri-
bution of ChR2-mCherry expression in a color map with a Python script
(www.python.org; Venner et al., 2016; Ferrari et al., 2018). We repre-
sented the region of overlap of the maximum number of overlapping
cases in white, with the hues of yellow, orange, to deep red, indicating
fewer cases.

For the animals injected with F-CTB in the tongue, immediately fol-
lowing the MoXII slice preparation, we dissected the tongue and fixed it
overnight in 10% buffered formalin. We sectioned the fixed tongues in
sagittal slices (50 �m thickness) using a Leica CM1900 Cryostat. We
verified the placement of F-CTB in the genioglossus muscle for each of
the mice from which we recorded retrogradely labeled GMNs.

Data analysis and statistics. We analyzed all our recording data using
Clampfit 10.2 (Molecular Devices), Mini Analysis 6 (Synaptosoft), and
MATLAB. Voltage signals were filtered (Gaussian low-pass 400 Hz cut-
off; Clampfit software). To ensure unbiased detection of the synaptic
events, the EPSCs were detected and analyzed automatically using Mini
Analysis software. We calculated EPSC probability before, during, and
after photostimulation. The latency of the photo-evoked EPSCs was
taken as the time difference between the start of the light pulse and the
onset of the photo-evoked EPSCs as measured by a MATLAB script that
calculates the time between the onset of the light pulse and the time when
traces cross the threshold sets as the mean minus half the SD of the
baseline (baseline value calculated over 3.5 s just before each light pulse).
Photo-evoked EPSC charge amplitudes were calculated as the area under
the curve of the photo-evoked EPSCs (in pA * s or pC). We concluded
that neurons responded to carbachol if holding currents changed by at
least 3 pA.

Statistical analyses were performed using Prism 7 (GraphPad Soft-
ware). We normalized all our values by dividing the values of control and
treatment samples by the mean of the control samples. Such normaliza-
tion conserves the distribution and the relative variance of the samples,
allowing the subsequent statistical analysis. We represented data as
mean � SEM, and unless otherwise specified, n refers to the number of
neurons per group. We compared means between two normally distrib-
uted groups using t tests (paired t test for conditions on the same
group of neurons; unpaired t test for two conditions on different
groups of neurons). We compared means among multiple normally
distributed groups using repeated-measures (RM) one-way ANOVA
followed by Tukey’s multiple-comparison post hoc test. An � 	 0.05
was considered significant.

Reagents and solutions
Composition of the NMDG-based ACSF used for slice preparation was as
follows (in mM): 100 NMDG-Cl, 2.5 KCl, 20 HEPES, 1.24 NaH2PO4, 30
NaHCO3, 25 glucose, 2 thiourea, 5 Na-Ascorbate, 3 Na-pyruvate, 0.5
CaCl2, and 10 MgSO4, pH 7.3 with HCl when carbogenated with 95% O2

and 5% CO2. Composition of Na-based ACSF used for recordings was as
follows (in mM): 120 NaCl, 1.3 MgCl2, 2.5 KCl, 1.3 MgSO4, 10 glucose, 26
NaHCO3, 1.24 NaH2PO4, 2 thiourea, 1 Na-ascorbate, 3 Na-pyruvate,
and 4 CaCl2, pH 7.4 when carbogenated with 95% O2 and 5% CO2,
310 –320 mOsm. Composition of the pipette solution that we used for
both current-clamp and voltage-clamp recordings was as follows (in
mM): 120 K-Gluconate, 10 KCl, 3 MgCl2, 10 HEPES, 2.5 K-ATP, and 0.5
Na-GTP, pH 7.2 adjusted with KOH; 280 mOsm. For the recordings in
voltage clamp, we added QX314 (5 mM) to the pipette solution to block
action potential firing of the recorded neurons. In a subset of recordings,
we added GDP-�-S (1 mM) to the pipette solution to block G-protein-
mediated signaling (Takahashi et al., 1998; Jin et al., 2013). We purchased
TTX from Cayman Chemical. We purchased all other reagents from
Sigma-Aldrich. We dissolved drugs in water and then added them to the
Na-based ACSF (1:1000 dilution).

Results
Parahypoglossal glutamatergic neurons directly activate
hypoglossal motoneurons
To study in vitro the afferent input from glutamatergic neurons in
the PH region to the HMNs (PH Glut ¡ HMNs), we used ChR2-
assisted circuit mapping in brain slices. The PH region we refer to
here is the same area of the medullary reticular formation that
mediates the negative pressure reflex reported by Chamberlin et
al., 2007. This area is at the same rostral– caudal level of the
MoXII extending �1 mm caudal to the obex. The PH region is
directly lateral to the MoXII, and it extends laterally into the
intermediate reticular formation (IRt) and part of the parvicellu-
lar reticular nucleus up to the lateral edge of the nucleus of the
solitary tract.

We injected a cre-dependent AAV-DIO-ChR2-mCherry into
the PH region of VGlut2-IRES-Cre mice (Krashes et al., 2014),
which resulted in the expression of ChR2 in PH glutamatergic
neurons that express VGlut2. Three weeks after the AAV injec-
tions, we prepared brain slices for whole-cell recordings. We re-
corded from HMNs while photostimulating the input from PH
glutamatergic neurons that expressed ChR2 (Fig. 1A).

Histological assessment confirmed the expression of ChR2 in
the PH region in 16 mice in which we recorded photostimulated
EPSCs in HMNs. Transduced neurons from individual injections
spanned the level of the rostral pole of the MoXII at the level of
the area postrema to the level of the pyramidal decussation just
posterior to the nucleus ambiguus, with the shared region of
transduction for all the mice (n � 16) at the area adjacent to the
MoXII 0 –900 �m caudal to the obex (Fig. 1B).

Photostimulation of the glutamatergic neurons in the PH
region evoked action potential firing in HMNs and evoked
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EPSCs in 43 of 45 recorded HMNs (Fig. 1C–H ). Both effects
were blocked by DNQX (20 �M; n � 11; Fig. 1C,D), indicating
the release of glutamate and the activation of postsynaptic
AMPA receptors. The average photo-evoked EPSC latency was
3.77 � 0.17 ms (n � 43; Fig. 1E), and the average photo-
evoked EPSC charge was 1.86 � 0.30 pC (n � 43; Fig. 1F ).
Responsive neurons exhibited photo-evoked EPSCs following
virtually all light pulses (average probability of photo-evoked
EPSCs: 98.33 � 1.44% compared with the average probability of
spontaneous EPSCs before the light pulses: 17.24 � 1.62%; n �
43; Fig. 1H).

Photo-evoked EPSCs in HMNs were action potential inde-
pendent, occurring under conditions of voltage-dependent Na
and K channel blockade (TTX, 2 �M; 4-AP, 1 mM; n � 12) sup-
porting direct monosynaptic connectivity between PH glutama-
tergic neurons and HMNs (Fig. 1I).

Carbachol inhibits the PH glut ¡ HMNs
input through muscarinic presynaptic
receptors
We tested the effects of carbachol on
photo-evoked PH glut EPSCs in HMNs in
slices from 16 mice (Fig. 2A,B). Carba-
chol (15 �M) inhibited the photo-evoked
EPSCs (charge reduced by 79.42 �
2.98%), and this effect was reversed after a
20 min washout (n � 8; RM one-way
ANOVA: F(2,14) � 25.58, p 	 0.0001; and
Tukey’s post hoc test: p � 0.0006 control vs
carbachol; p � 0.0039 washout vs carba-
chol; and p � 0.05 control vs wash). When
bath applied, scopolamine (10 �M), a
muscarinic receptor antagonist, abolished
the effect of carbachol (n � 5; RM one-
way ANOVA: F(2,8) � 4.47, p � 0.05, com-
paring photo-evoked EPSC charge in
scopolamine vs scopolamine plus carba-
chol; Fig. 2C,D), indicating that carbachol
inhibition of the PH Glut ¡HMNs input is
mediated by muscarinic receptors.

To examine the presynaptic nature of
the carbachol effects, we added GDP-�-S
(1 mM) to the recording pipette solution
to block G-protein-mediated signaling.
The effects of carbachol on the PH Glut ¡
HMNs was preserved while blocking the
G-proteins in the recorded HMNs (Fig.
2E,F; n � 8 without GDP-�-S; n � 10
with GDP-�-S; unpaired t test, p � 0.05).
In the presence of GDP-�-S, carbachol re-
duced photo-evoked EPSC charges by
77.45 � 2.50% (Fig. 2F). This result dem-
onstrates that cholinergic inhibition of the
PH Glut ¡ HMNs input is independent of
the G-protein signaling in the postsynap-
tic neurons. We then examined the effect
of carbachol on the PH Glut ¡ HMNs in-
put in the presence of action potential
blockade by TTX. We found that the effect
of carbachol on the PH Glut ¡ HMNs in-
put was maintained in the absence of
action potentials; in TTX, carbachol re-
duced the photo-evoked EPSC charge by
59.49 � 16.63% (n � 6; paired t test, p �

0.028; Fig. 2G,H). Altogether, the results of the recordings with
GDP-�-S in the recording pipette and those in TTX demon-
strate that carbachol acts via a presynaptic mechanism.

We recorded HMNs in brain slices from ChATBAC-eGFP::
VGlut2-IRES-Cre mice obtained by crossing ChATBAC-eGFP
mice, which express GFP in cholinergic neurons (Tallini et al.,
2006) with VGlut2-IRES-Cre mice. We expressed ChR2 in PH
glutamatergic neurons by injecting AAV-DIO-ChR2-mCherry
into the PH region, and we recorded from HMNs expressing GFP
while photostimulating the PH Glut ¡ HMNs input (Fig. 2I).
Photostimulation of PH glutamatergic input produced photo-
evoked EPSCs in all the recorded HMNs labeled by GFP, and
carbachol reduced the charge of these photo-evoked EPSC by
70.32 � 15.62% (n � 4; Fig. 2J).

Altogether, these results demonstrate that cholinergic signal-
ing in the MoXII inhibits the glutamatergic input to HMNs. This

Figure 1. Photostimulation of parahypoglossal glutamatergic neurons activates hypoglossal motoneurons (PH Glut¡HMNs).
A, A schematic diagram of the experimental design we used to study synaptic connectivity between PH glutamatergic neurons and
HMNs (PH Glut ¡ HMNs). We injected an AAV-DIO-ChR2-mCherry into the PH region of VGlut2-IRES-Cre mice to express ChR2-
mCherry in glutamatergic neurons. Three weeks after the AAV injections, we recorded in brain slices and photostimulated PH Glut

input while recording from HMNs. B, Heatmaps of AAV-DIO-ChR2-mCherry injection sites of 16 recorded VGlut2-IRES-Cre mice. The
yellow color indicates a higher number of overlapping regions of ChR2-mCherry-expressing neurons. C, Photostimulation of
ChR2-expressing PH Glut neurons and terminals evoked action potential firing of HMNs (top trace), and this effect was blocked by
the AMPA receptor blocker DNQX (20 �M; bottom trace), demonstrating the release of glutamate. D, In voltage-clamp mode,
photostimulation of the PH Glut ¡ HMN input evoked short-latency glutamatergic AMPA-mediated EPSCs in HMNs (in gray, 30
photo-evoked EPSCs; in black, average photo-evoked EPSC). E, F, Photo-evoked EPSC latencies (E) and charges (F ) of photo-
evoked EPSCs. Black dots, mean values of individual HMNs (average of 30 photostimulation trials); red lines, mean � SEM, n � 43;
average photo-evoked EPSC latency: 3.77 � 0.17 ms, average photo-evoked EPSC charge: 1.86 � 0.30 pA*s (or pC). G, H, A
representative raster plot (G; 50 ms bins) and average EPSC probability (H ) upon photostimulation of the PH Glut input (98.33 �
1.44%; n � 43) and that of baseline without photostimulation (17.24 � 1.62%; n � 43). I, Photo-evoked EPSCs were maintained
in the presence of TTX (2 �M) � 4AP (1 mM), indicating monosynaptic connectivity. Voltage-clamp recordings were held at Vh �
�60 mV. In all the recordings, we used 10 ms blue-light pulses, indicated by blue bars at the top of the recording traces. Atlas levels
are per Paxinos and Franklin (2001).
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effect is presynaptic and is mediated by the activation of musca-
rinic receptors on the glutamatergic PH synaptic terminals.

Carbachol inhibits the glutamatergic input from
parahypoglossal neurons to genioglossus motoneurons
The PH region at the level of the area postrema contains gluta-
matergic premotor neurons, which are important for the control
of MoXII motor output. Glutamatergic neurons in this region
relay the activation of the HMNs in response to upper airway
negative pressure (Chamberlin et al., 2007) and/or convey phasic
inspiratory drive to the HMNs (Revill et al., 2015; Vann et al.,
2018). For the next set of recordings, we restricted the expression
of ChR2 in the PH region at the level of the area postrema lateral
to the MoXII (n � 7 mice; Fig. 3A). Photostimulation produced
photo-evoked EPSCs in 24 of 25 recorded HMNs in these mice.

The photo-evoked EPSC had an average latency of 3.85 � 0.22
ms, an average charge of 0.78 � 0.12 pC, and an average proba-
bility of 96.11 � 1.84% (n � 24). Carbachol reduced the photo-
evoked EPSC charge by 84.81 � 5.43% (Fig. 3B,C; n � 10; RM
one-way ANOVA, F(2,18) � 26.93, p 	 0.0001; Tukey’s post hoc
test, p 	 0.0001 control vs carbachol; p 	 0.0001 washout vs
carbachol; p � 0.05 control vs washout). We made recordings
from GMNs retrogradely labeled with fluorescent CTB (Alexa
Fluor-488, green; Fig. 4A) from mice injected with AAV-DIO-
ChR2-mCherry in the PH region to express ChR2 restricted in
neurons lateral to the MoXII (area postrema level; Fig. 4B,C) as
for the recordings in Figure 3. Photostimulation of the PH gluta-
matergic input produced photo-evoked EPSCs in 14 of 14 re-
corded GMNs, and carbachol reduced the photo-evoked EPSC
charge by 74.53 � 5.49% (Fig. 4D,E; n � 9; RM one-way

Figure 2. Carbachol inhibits the PH Glut¡HMN input through muscarinic presynaptic receptors. A, B, Carbachol (15 �M) reduced the charge of the photo-evoked EPSCs in HMNs. Mean effect of
carbachol on the photo-evoked EPSCs (B; mean � SEM; n � 8; RM one-way ANOVA: F(2,14) � 25.58, p 	 0.0001; and Tukey’s multiple comparison, **p 	 0.01 and ***p 	 0.001). C, D, The
muscarinic receptor antagonist scopolamine (10 �M) abolished the effect of carbachol. Mean effect of carbachol on the photo-evoked EPSCs in the presence of scopolamine (D; n � 5, RM one-way
ANOVA: F(2,8) � 4.47, p � 0.05). E, F, Blocking G-protein signaling in the recorded HMNs with GDP-�-S (1 mM in the recording pipette solution) did not alter the effect of carbachol on photo-evoked
EPSCs. Mean carbachol-mediated reduction of photo-evoked EPSC charges with GDP-�-S (n �8) and without GDP-�-S (n �10) in the recording pipette ( p �0.05, unpaired t test). G, H, Carbachol
inhibited photo-evoked EPSCs recorded in TTX (2 �M � 4-AP 1 mM; n � 6; paired t test, *p � 0.028). I, J, We recorded from HMNs expressing GFP in ChATBAC-eGFP::VGlut2-IRES-Cre mice while
photostimulating the PH Glut¡HMN input. Carbachol inhibited photo-evoked EPSCs recorded from HMNs labeled by GFP (I, scale bar, 300 �m). Photo-evoked EPSCs were recorded at Vh ��60
mV (in gray, 30 photo-evoke EPSCs; in black, average photo-evoked EPSCs). In all of the recordings, we used 10 ms blue-light pulses, indicated by blue bars at the top of the recording traces.
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ANOVA, F(1,9) � 23.61, p � 0.0009; Tukey’s post hoc test, p �
0.0037 control vs carbachol; p � 0.0021 washout vs carbachol;
p � 0.05 control vs washout). Similar to the previous results,
these recordings demonstrate that PH glutamatergic neurons
directly activate GMNs and that this input is inhibited by
muscarinic receptors.

Dual postsynaptic muscarinic responses of HMNs
to carbachol
In addition to a presynaptic inhibition of glutamatergic signaling,
we found evidence of direct postsynaptic effects on HMNs. Car-
bachol (15 �M) evoked inward or outward currents in HMNs
voltage-clamped at Vh �60 mV and recorded in the presence of
TTX (1 mM). Of 29 HMNs, 19 were excited by carbachol (Fig.
5A), exhibiting an average inward (excitatory) current amplitude
of 24.41 � 4.60 pA (Fig. 5E; paired t test, p 	 0.0001); whereas 16
HMNs were inhibited (Fig. 5B), exhibiting an average outward
(inhibitory) current amplitude of 9.82 � 1.42 pA (Fig. 5E; paired
t test, p � 0.0004). Finally, 30% of HMNs (9 of 29) showed a mix
of excitatory and inhibitory responses. In the presence of scopol-
amine (10 �M), the carbachol-mediated effects were abolished
(Fig. 5C,E; n � 11; paired t test, p � 0.05). These results suggest a
heterogeneity in muscarinic receptor expression in HMNs in
adult mice. Furthermore, adding GDP-�-S (1 mM) in the record-
ing pipette solution to block G-protein signaling in the recorded
neurons abolished carbachol-mediated effects (Fig. 5D,E; n � 7;
paired t test, p � 0.05). Both carbachol-mediated excitation and
inhibition were mediated by muscarinic receptors and were pre-
sumably direct effects since they were maintained in the absence
of action potential-mediated transmission and depended on
G-protein signaling in the postsynaptic neurons.

Discussion
We provide insight into the cellular mechanisms of REM sleep-
related loss of pharyngeal dilator muscle activity and consequent
airway collapse in patients with OSA. Our results confirm and
extend previous studies of cholinergic regulation HMNs. We

show that direct effects of cholinergic sig-
naling on HMNs are variable, but that
muscarinic receptors consistently mediate
presynaptic inhibition of important gluta-
matergic drives to HMNs innervating
muscles essential for maintaining airway
patency.

Parahypoglossal glutamatergic input to
hypoglossal and
genioglossus motoneurons
Glutamatergic afferent projections to the
MoXII originate in the medulla and, to a
lesser extent, the pontine reticular forma-
tion (Dobbins and Feldman, 1995; Fay
and Norgren, 1997; Stanek et al., 2014).
Additional projections arise from the nu-
cleus of the solitary tract, the sensory tri-
geminal complex, and the Kolliker–Fuse
nucleus (Aldes and Boone, 1985; Fay and
Norgren, 1997; Yokota et al., 2011). Pro-
jections from the medullary reticular for-
mation mainly originate from the IRt (Fay
and Norgren, 1997; Travers et al., 2005;
Volgin et al., 2008; Stanek et al., 2014).
The most caudal portion of the IRt, lo-
cated ventral and lateral to the MoXII—

hence the “parahypoglossal region” (Tan et al., 2010)—provides
dense glutamatergic innervation of the MoXII that originates
from VGlut2-expressing neurons (Travers et al., 2005). Accord-
ingly, electrical stimulation of the PH region evokes glutamate-
mediated EPSCs in HMNs (Bellingham and Berger, 1996; Thakre
and Bellingham, 2017), although with these methods it could not
be certain whether local neurons or fibers of passage from other
regions were activated.

Here we used in vitro ChR2-assisted circuit mapping to selec-
tively activate the PH Glut ¡ HMN and PH Glut ¡ GMN inputs.
We demonstrate monosynaptic functional connectivity between
PH glutamatergic (VGlut2�) neurons and HMNs and GMNs.
We also found that �95% of the recorded HMNs and GMNs
receive input from PH VGlut2� neurons and that nearly all light
pulses evoked EPSCs in the synaptically connected neurons, in-
dicating robust connectivity and high-fidelity activation of the
PH Glut ¡ H/GMN inputs. As the expression of ChR2 was ana-
tomically restricted and selective to VGlut2-expressing neurons,
we were able to map the origin of the glutamatergic afferent input
to the HMNs. Furthermore, our mapping results in cohorts of
mice receiving very small AAV injections refine the location of
this critical anatomical region to the PH at the level of the area
postrema. Unlike electrical stimulation that activates cell bodies
and passing fibers, ChR2-assisted circuit mapping permits the
unequivocal demonstration of direct and functional synaptic
connectivity between PH glutamatergic neurons and HMNs and
GMNs.

PH Glut ¡ H/GMN inputs are particularly important for re-
spiratory control of the HMNs (Fregosi, 2011; Kubin, 2016).
First, the PH region contains glutamatergic neurons that receive
an afferent input from the preBötzinger complex (Tan et al.,
2010; Yang and Feldman, 2018), and they convey respiratory-
synchronous, phasic inspiratory drive to the HMNs (Revill et al.,
2015; Vann et al., 2018). Second, neurons in the PH region relay
the activation of the HMNs in response to upper airway negative
pressure (Chamberlin et al., 2007). In humans, this reflex in-

Figure 3. Carbachol inhibits the glutamatergic PH Glut¡ HMN input from the restricted PH region lateral to the MoXII. A, In
these recordings, we restricted the expression of ChR2 in the PH region lateral to the MoXII and just at the level of the area
postrema. Heatmap of AAV-DIO-ChR2-mCherry injection sites of six recorded VGlut2-IRES-Cre mice showing overlapping regions of
ChR2-mCherry-expressing neurons. B, C, Photostimulation of PH Glut input produced photo-evoked EPSCs in HMNs that were
inhibited by carbachol (15 �M; mean � SEM; n � 10; RM one-way ANOVA: F(2,18) � 26.93, p 	 0.0001; and Tukey’s multiple
comparison, ****p 	 0.0001). Photo-evoked EPSCs were recorded at Vh � �60 mV (in gray, 30 photo-evoke EPSCs; in black,
average photo-evoked EPSCs). In all of the recordings, we used 10 ms blue-light pulses, indicated by blue bars at the top of the
recording traces.
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creases upper airway dilator muscle activ-
ity in response to negative pressure in the
larynx (Mathew et al., 1982; Horner et al.,
1994a), and it ensures upper airway
patency during inspiration by opposing
the collapse produced by respiratory
pump muscle-generated negative pres-
sure (Horner et al., 1991; Zhang and
Bruce, 1998; Malhotra et al., 2000a; Ryan et
al., 2001). The PHGlut ¡ H/GMN input
that we photostimulated may have been
part of these circuits.

Cholinergic inhibition of
parahypoglossal glutamatergic
input to hypoglossal and
genioglossus motoneurons
Earlier data indicate that cholinergic signal-
ing in the MoXII produces a combination
of muscarinic- and nicotinic-mediated re-
sponses in whole-animal physiology studies
(Liu et al., 2005) and in vitro electrophys-
iological studies (Zaninetti et al., 1999;
Bellingham and Funk, 2000; Lape and
Nistri, 2000; Chamberlin et al., 2002; Rob-
inson et al., 2002; Ireland et al., 2012;
Ghezzi et al., 2017). The cholinergic signal
also regulates glutamatergic input to
HMNs with muscarinic receptors reduc-
ing and nicotinic receptors augmenting
glutamatergic input to HMNs (Belling-
ham and Berger, 1996; Quitadamo et al.,
2005). Developmental changes in recep-
tor expression combined with the variety
of ages of experimental animals further
complicated data interpretation (Funk
et al., 1994; Zaninetti et al., 1999; Mac-
haalani et al., 2010; Vivekanandarajah et
al., 2015).

Here we eliminated developmental
confounds by using mature mice and used
optogenetic tools to clarify the synaptic
mechanisms of cholinergic regulation in the MoXII. Select acti-
vation of the glutamatergic PH neurons evokes glutamatergic
EPSCs in HMNs, including GMNs. Carbachol inhibits the PH Glut

¡ HMN and PH Glut ¡ GMN inputs. This effect is robust and
consistent across all the recorded HMNs and GMNs, and it is
mediated by presynaptic muscarinic receptors.

Direct postsynaptic effects of carbachol on HMNs
Previous in vitro electrophysiology studies have found that cho-
linergic agonists only excite HMNs, and this effect is mediated by
nicotinic receptors (Zaninetti et al., 1999; Chamberlin et al.,
2002; Robinson et al., 2002) with a small contribution of
muscarinic-mediated excitation (Bellingham and Funk, 2000;
Lape and Nistri, 2000; Ireland et al., 2012; Ghezzi et al., 2017).
Unlike these studies that were conducted in neonatal animals
(mostly postnatal days 0 – 4 and up to postnatal day 9), we found
in adult mice (6 –9 weeks old) that 70% of HMNs were excited by
carbachol, 60% were inhibited, and 30% of HMNs had a mix of
excitatory and inhibitory responses. Both carbachol-mediated
excitation and inhibition were mediated by muscarinic receptors.
The lack of nicotinic response in our study is likely due to the

developmental decrease in nicotinic receptor expression. Nico-
tinic receptors are expressed at high levels in neonates, but their
expression decreases significantly in the adult MoXII (Zaninetti
et al., 1999; Machaalani et al., 2010; Vivekanandarajah et al.,
2015). In adult mice, we found muscarinic-mediated direct inhi-
bition of HMNs. However, this postsynaptic effect was often
mixed with a muscarinic-mediated excitation. While the carbachol-
mediated outward current (inhibitory response) appeared smaller in
amplitude than the carbachol-mediated inward current (excitatory
response), the relative difference might depend on the membrane
potential of the HMNs. Further study will be necessary to establish
the physiological conditions under which these mechanisms con-
tribute to tongue function.

Significance of cholinergic control of MoXII motor output
REM sleep-mediated pharyngeal hypotonia has been attributed
to monoaminergic disfacilitation and to direct cholinergic inhi-
bition of HMNs (Grace et al., 2013; Kubin, 2014; Fenik, 2015).
Muscarinic antagonists in the MoXII reactivate the genioglossus
muscle in REM sleep supporting a cholinergic-mediated depres-
sion of genioglossus activity in REM sleep (Grace et al., 2013).
There are two main sources of cholinergic afferent input to the

Figure 4. Carbachol inhibits the glutamatergic input from parahypoglossal neurons to genioglossus motoneurons (PH Glut ¡
GMNs). A, Schematic diagram of the experimental design used to map synaptic connectivity of the PH Glut ¡ GMN input. We
injected VGlut2-IRES-Cre mice with fluorescent CTB (Alexa Fluor-488; green) into the tongue to retrogradely labeled GMNs and
AAV-DIO-ChR2-mCherry into the PH region to express ChR2 restricted in neurons lateral to the MoXII (area postrema level). We
recorded fluorescently labeled neurons in the MoXII retrograde labeled with green CTB. B, Heatmap of AAV-DIO-ChR2-mCherry
injection sites of seven recorded mice showing overlapping regions of ChR2-mCherry expressing neurons. C, Confocal images of
retrogradely labeled GMN with F-CTB from the genioglossus muscle (green) and PH glutamatergic somata and fibers expressing
ChR2-mCherry (red). The low-magnification image (left) shows both MoXII and the PH region containing ChR2-expressing neu-
rons. Scale bar, 200 �m. The high-magnification image (right) shows retrogradely labeled GMN and dense PH glutamatergic
projections expressing ChR2-mCherry. Scale bar, 20 �m. D, E, Photostimulation produced photo-evoked EPSCs in GMNs and
carbachol (15 �M) reduced the photo-evoked EPSC charge (mean � SEM; n � 9; RM one-way ANOVA: F(1,9) � 23.61, p � 0.0009;
Tukey’s multiple comparison, **p 	 0.01).

7916 • J. Neurosci., October 2, 2019 • 39(40):7910 –7919 Zhu et al. • Cholinergic Modulation of Hypoglossal Motoneurons



MoXII: the pedunculopontine tegmental (PPT) and laterodorsal
tegmental (LDT) nuclei and cholinergic neurons in the IRt region
(Travers et al., 2005; Rukhadze and Kubin, 2007; Volgin et al.,
2008). LDT/PPT cholinergic neurons fire in REM sleep, suggest-
ing that they could be the source of REM sleep-related cholinergic
inhibition to HMNs (Boucetta et al., 2014), although the density
of cholinergic innervation they provide to the MoXII is small
(Rukhadze and Kubin, 2007). Conversely, IRt cholinergic neu-
rons provide a denser input to the MoXII (Travers et al., 2005;
Volgin et al., 2008), but their physiological role has yet to be
demonstrated. Hence, at the moment there is no direct evidence
that the cholinergic input to the MoXII is regulated in a state-
dependent manner. Although the possibility of a cholinergic in-
put to the MoXII primarily active in REM sleep is a valid and
eventually testable hypothesis (e.g., using in vivo fiber photome-
try), it may not be the only explanation for muscarinic antago-
nists being able to reactivate genioglossus muscle activity during
REM sleep. Another possibility is that the cholinergic signal ton-
ically inhibits the HMNs directly and indirectly; for example,

through the inhibition of the PH Glut ¡
HMN input throughout the sleep and
wake cycle. While during wakefulness,
and in part during NREM sleep, this in-
hibitory tone is counterbalanced by the
monoaminergic activation (Kubin, 2014;
Fenik, 2015), it could become unbalanced
with the withdrawal of monoaminergic
activation during REM sleep. This might
explain why the muscarinic antagonists
have a smaller effect on genioglossus mus-
cle activity during wakefulness and
NREM sleep, but can effectively reactivate
the genioglossus muscle in REM sleep
(Grace et al., 2013). Although our in vitro
experimental approach has inherent limi-
tations, our results extend previous stud-
ies by providing a potential mechanism to
explain how the blockade of muscarinic
transmission during REM sleep disinhib-
its the HMNs. In future studies, it would
be important to demonstrate that optoge-
netic stimulation of the PH Glut ¡ HMN
input can reactivate the genioglossus
muscle in REM sleep and that this effect is
enhanced by muscarinic antagonists in
the MoXII. These experiments, however,
require heavily instrumented animals,
which could be a significant challenge in
small animals like mice. While this
could possibly be achieved in rats, the
tools for selective ChR2 expression in
selective neuronal population (i.e., the
glutamatergic neurons) are unfortu-
nately still lacking.

Numerous studies have established
the importance of the tongue muscle in
maintaining airway patency and have
attributed airway collapse during sleep
to state-dependent loss of muscle func-
tion. Motor control of the genioglossus is
complicated, but the following three main
drives are thought to be important: tonic,
phasic (time locked to inspiration), and

reflexive. All of these three drives are affected by sleep, likely by
different mechanisms (Sauerland and Harper, 1976; Orem and
Lydic, 1978; Horner, 2017). Cholinergic signaling has been im-
plicated for the REM sleep suppression of genioglossus phasic
activity, but it might be less important in controlling tonic
activity, as muscarinic antagonists reactivate genioglossus
respiratory-related activity in REM sleep, but have a limited
effect on tonic genioglossus activity (Grace et al., 2013). Our
present results support this idea as the most consistent effect
of carbachol was on glutamatergic input rather than directly
on HMNs, which would be expected to control tonic activity.
Nonetheless, we cannot rule out a contribution of direct inhi-
bition of the HMNs. Moreover, our findings also do not rule
out a contribution of monoaminergic disfacilitation to REM
sleep-mediated pharyngeal hypotonia. Indeed, recent clinical
data showed that the combination of noradrenergic and anti-
muscarinic agents orally administered before bedtime greatly
reduces OSA severity and enhances the genioglossus muscle
activity of OSA patients (Taranto-Montemurro et al., 2019),

Figure 5. Carbachol postsynaptic effects in HMNs are mediated by muscarinic receptors. A–D, Examples of carbachol-mediated
responses in HMNs. All recordings were made in voltage-clamp mode at Vh ��60 mV and in TTX 1 �M. Green bars represent the
duration of carbachol application. Carbachol-mediated inward current (A; excitatory response), carbachol-mediated outward
current (B; inhibitory response), and no change in holding current by carbachol in the presence in the bath of scopolamine (10 �M;
C) or when adding GDP-�-S (1 mM) to the pipette recording solution (D). E, Mean amplitude of carbachol-mediated currents
(mean � SEM; 
current from baseline: holding current changes from control to carbachol and to washout) in ACSF (no scopol-
amine) and in scopolamine. Carbachol-mediated excitation (black circles, n � 19; paired t test, ****p 	 0.0001, carbachol vs
washout) and carbachol-mediated inhibition (black triangles, n � 16; paired t test, ***p � 0.0004, carbachol vs washout).
Carbachol-mediated excitation versus inhibition (unpaired t test, ## p � 0.006). Carbachol effects were blocked by scopolamine
(white squares; n � 11; paired t test, p � 0.05, carbachol in scopolamine vs washout in scopolamine) and by GDP-�-S (black
squares; n � 7; paired t test, p � 0.05, carbachol vs washout with GDP-�-S). ns, non-significant.
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suggesting that increased noradrenergic input and decreased
muscarinic effects may be synergistic interventions to improve
HMN function during sleep.

In summary, we have demonstrated that cholinergic signaling
suppresses genioglossus muscle activity through both presynap-
tic suppression of glutamatergic input from parahypoglossal
premotoneurons to HMNs and direct muscarinic-mediated in-
hibition of HMNs. Our study further highlights the complexity of
cholinergic control of HMNs at presynaptic and postsynaptic
levels and provides a possible mechanism for REM sleep suppres-
sion of genioglossus muscle activity and airway collapse in vul-
nerable individuals.

References
Aldes LD (1995) Subcompartmental organization of the ventral (protrusor)

compartment in the hypoglossal nucleus of the rat. J Comp Neurol
353:89 –108.

Aldes LD, Boone TB (1985) Organization of projections from the principal
sensory trigeminal nucleus to the hypoglossal nucleus in the rat: an ex-
perimental light and electron microscopic study with axonal tracer tech-
niques. Exp Brain Res 59:16 –29.

Bellingham MC, Berger AJ (1996) Presynaptic depression of excitatory syn-
aptic inputs to rat hypoglossal motoneurons by muscarinic M2 receptors.
J Neurophysiol 76:3758 –3770.

Bellingham MC, Funk GD (2000) Cholinergic modulation of respiratory
brain-stem neurons and its function in sleep–wake state determination.
Clin Exp Pharmacol Physiol 27:132–137.
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