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Obstructive Sleep Apnea (OSA) is a prevalent condition and anajor cause of
morbidity and mortality in Western Society. The loss of motoinput to the tongue
and speci cally to the genioglossus muscle during sleep is ssociated with pharyngeal
collapsibility and the development of OSA. We applied a novehemogenetic method
to develop a mouse model of sleep disordered breathing Our gal was to reversibly
silence neuromotor input to the genioglossal muscle using rm adeno-associated viral
vector carrying inhibitory designer receptors exclusivglactivated by designer drugs
AAV5-hM4Di-mCherry (DREADD), which was delivered bilatdly to the hypoglossal
nucleus in fteen C57BL/6J mice. In thein vivo experiment, 4 weeks after the viral
administration mice were injected with a DREADD ligand clapine-N-oxide (CNO, i.p.,
1mg/kg) or saline followed by a sleep study; a week later treements were alternated
and a second sleep study was performed. Inspiratory ow lintation was recognized
by the presence of a plateau in mid-respiratory ow; oxyhemglobin desaturations were
de ned as desaturations> 4% from baseline. In then vitroelectrophysiology experiment,
four males and three females of 5 days of age were used. Sixt@e-nineteen days after
DREADD injection brain slices of medulla were prepared anchdividual hypoglossal
motoneurons were recorded before and after CNO applicationPositive mCherry staining
was detected in the hypoglossal nucleus in all mice con rmig successful targeting. In
sleep studies, CNO markedly increased the frequency of owitnitation n NREM sleep
(from 1.9  1.3% after vehicle injection to 14.2 3.4% after CNO, p < 0.05) and
REM sleep (from 22.3% 4.1% to 30.9  4.6%, respectively,p < 0.05) compared
to saline treatment, but there was no signi cant oxyhemoglbin desaturation or sleep
fragmentation. Electrophysiology recording in brain sles showed that CNO inhibited
ring frequency of DREADD-containing hypoglossal motonerwons. We conclude that
chemogenetic approach allows to silence hypoglossal motoaurons in mice, which leads
to sleep disordered breathing manifested by inspiratory @ limitation during NREM
and REM sleep without oxyhemoglobin desaturation or sleeprdgmentation. Other
co-morbid factors, such as compromised upper airway anatony, may be needed to
achieve recurrent pharyngeal obstruction observed in OSA.

Keywords: obstructive sleeep apnea, chemogenetic, sleep, u pper airway, neuromuscular activity
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Fleury Curado et al. Chemogentic Model of Sleep-Disordered Breathing

INTRODUCTION importantly, markedly dilated the pharynx on dynamic MR
images in anesthetized mic&Z. Other investigators used a
Obstructive sleep apnea (OSA) is due to recurrent closure @imilar approach to show that chemogenetic stimulation of
upper airway during sleep leading to intermittent hypoxia andhypoglossal motoneurons increases GG muscle activity across
fragmentation of sleeplf. OSA is a common disease a ecting sleep/wake stage$d). These reports suggest that stimulation
30% of the adult populationZ). OSA predisposes to motor of hypoglossal motoneurons carrying excitatory DREADDs may
vehicle and industrial accidents and contributes signittg  glleviate OSA.
to the development and progression of neurocognitive, |n the current study, we examined whether chemogenetic
metabolic, cardiovascular, and oncologic diseages)(Nasal nhibition of hypoglossal motoneurons would lead to sleep
continuous positive airway pressure (CPAP) relieves uppedisordered breathing in lean C57BL/6J mice. We used inhifito
airway obstruction during sleep but does not reverse uryiiegl DREADDs expressing the mutated human muscarinic receptor
defects in pharyngeal collapsibility. Poor adherence to CPARM4(Gi). Stimulation of this receptor with CNO activates G-
severely limits its use, and few e ective alternatives to EPAprotein inwardly rectifying potassium (GIRK) channels theyeb
exist @). There is no e ective pharmacotherapy for OSA-(1).  hyperpolarizing and silencing neuronal activity1j. Inhibitory
Improved understanding of the disease pathogenesis is a KB}READDs were deployed in the hypoglossal motoneurons
determinant of successful drug developmeng)( The creation py stereotactic brain injection and then sleep studies were
of an adequate rodent model that mimics human OSA woultherformed after CNO or saline administration. The tongue is
facilitate the progress in the eld. a complex structure which consists of extrinsic and intrinsic
Anatomic predisposition plays a primary role in OSA muscles 84). Extrinsic muscles determine tongue movements,
pathogenesisi(l), whereas faulty neuromuscular mechanismsyhereas intrinsic muscles determine the shape of the tongue.
during sleep fail to compensate adequately for compromisegxtrinsic muscles are subdivided in tongue protrudors and
pharyngeal patency 13-1€). Neuromuscular compensatory retractors. Inhibition of hypoglossal motoneurons inneting
responses are particularly important in stabilizing the uppethe main tongue protrudor and pharyngeal dilator, genioglmsss
airway during sleep. The tongue plays a critical role in thenuscle, may lead to upper airway obstruction, and OSA).(
pathogenesis of OSA and dysfunction of the principal pharyngea|ithough exclusive targeting of the hypoglossal motonesron
dilator, genioglossus (GG) muscle, during sleep contesud s not technically positive, we aimed our stereotactic itifers
the OSA pathogenesid %, 16-19). Augmenting tongue muscle at the ventral rostral portion of the 12 nucleus, which has
activity with hypoglossal nerve stimulation improves airwaygreater representation of genioglossus innervatigf @6). In
patency and treats OSA2(, 21). In this study we explored parallel, electrophysiological silencing of these neurgn€ KO
whether inhibition of hypoglossal motoneurons may lead &8l was con rmed in brain slices. The overarching goal of the
disordered breathing even in the absence of the compromisestudy was to create a novel rodent model of sleep disordered

upper airway anatomy. breathing.
There are a number of dierences in the upper airway

anatomy between mice and humar). Nevertheless, we have
repeatedly demonstrated that that upper airway function anc!VIE-I-|_|OI:)S
treatment responses to stimulation of the hypoglossal nervAnimals

and of lingual protrudor and retractor muscles are comparablen total, fteen C57BL/6J mice of both sexes from Jackson
between mice and humansiff 23-28)]. We have developed | ahoratories, Bar Harbor, ME were used in all experiments.tEigh
complementary mouse models of upper airway obstructi®f ( male mice were used fam vivo experiment. These mice were 10
29) and OSA ¢3, 26, 30). Moreover, we have demonstrated thatweeks of age and 28.00.4 g of weight at the beginning of the
obesity plays a major role in the pathogenesis of sleep disedde experiment, were fed with a chow diet and free watedibitum
breathing in mice and humans alike4, 23 24, 26). and housed in a 2Z laboratory with a 12h light/dark cycle
Similarities in hypoglossal nerve and lingual muscle angtom(light phase 9am 9pm). The study complied with the American
and upper airway physiology between mice and men led us to physiological Society Guidelines for Animal Studies and was
concept of selective targeting of hypoglossal motoneuromgus approved by the Johns Hopkins University Animal Use and Care
a chemogenetic approach. The principal tools of chemogeneticsommittee. Mice were used for experiments with viral vectors
are designer receptors exclusively activated by designegsdr for DREADD expression and treated with the DREADD ligand
(DREADDs). DREADDs are G-coupled receptors geneticallglozapine-N-oxide (CNO) and saline in crossover fashion.
modi ed to recognize unique and otherwise inert ligands. For electrophysiology studies, experiments were conducted
DREADDS are widely used in neuroscience to remotelyn seven C57/BL/6J mice of both sexes (four males and three
control cellular signaling, neuronal activity, and befmv{31).  females). At the time of DREADD injection mice were 5 days
We have previously used stereotactic brain injections andld. All animal procedures were performed in compliance with
deployed an adeno-associated viral vector harboring a radtat the institutional guidelines at George Washington Univirsind
excitatory human acetylcholine muscarinic receptor subtypare in accordance with the recommendations of the Panel on
3 (rAAV5-hSyn-hM3(Gq)-mCherry in the hypoglossal nucleusEuthanasia of the American Veterinary Medical Associatiod a
of C57BL/6J mice3?). A DREADD ligand clozapine-N-oxide the National Institutes of Health Guide for the Care and Use o
(CNO) increased GG tonic and phasic activity and, mostaboratory Animals.
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IN VIVO EXPERIMENTS intraperitoneally followed by sleep recording. A week later

Vi . . animals were crossed over and CNO-treated animals were given
iral Ve_cto_r Admm_IStratlon_ . . saline whereas, saline-treated animals received CNO.

For the in vivo experiment, mice were anesthetized with Whole body plethysmography (WBP) recordings (mouse

iso urane for inductiqn (2-3% in closed chamber) and pIaceo\Nhole body plethysmograph, Buxco, Wilmington, NC) were
in the Kopf stereotaxic apparatus (model 963; KopfInstrumentsperformed as previously described?. In brief, the animals

Tujunga, CA, USA) with mouse adapter VetEquip, and iso urang, o e placed in a modied WBP open-system chamber to
vaporizer. Anesthesia was subsequently maintained at 1-2%

. . flow for prolonged 6h recordings (10:00 anD4:00 pm).
IS0 urane. DREADD (rAAV5-hSyn-hM4(Gi)-mCherry, VECtOr o \wgp chamber had the internal diameter of 80mm, the

Core at the University of North Carolina at Chapel Hill (UNC height of 50.5mm and the volume 0.4L. The chamber was
V_ector Core_), 71012 vg per ml, 4(_) nl) were delivered equipped with two ports (pneumotachographs) on the upper
bilaterally using pre-pulled glass micropipettes (Sutter, OV g, 200 and one large-side port and three small-side portseat th

iahforzml)l to the rﬁst][alll portlon of the hypogloz§al n:;liUS O pase, which we utilized to customize our system and optimize
the medulla using the following stereotactic coordinatestthe g performance. Positive and negative pressure sources were

animal's bregma: 7.20mm anterior-posterior, 0.20mm med'aIUtiIized in series with mass ow controllers and high-resiste

Iaterz! bilateral a(;ld 4'7_5 md”é dor;o-vm_ar?]tral\l/.l The ;tgrazlflc elements to generate a continuous bias ow through the ahima
coordinates were determined based on The Mouse Brain Atlas. .5 mper while maintaining a su ciently high time constant.

The reference chamber serves to Iter ambient noise from the
Electroencephalogrgm/ EleCtromyogram pressure signal. Slow leaks present on both chambers allowed
Electrode Implantation for equilibration with atmospheric pressure. A respiratory e ort
Electroencephalogram (EEG) and electromyogram (EMGgensor bladder was placed under the mouse to transduce the
electrodes were implanted with an EEG/EMG Headmounimechanical pressure changes associated with mouse breathing
(Pinnacle Technology, Lawrence, KS) as previously describeghile the reference bladder signal allowed for cancellatén
(29). Briey, four electroencephalographic (EEG) Te on-coatedthe contaminating chamber pressure signal via the di erdntia
stainless steel wire electrodes were inserted into thétsikaligh pressure transducer. The Drorbaugh and Fenn equation was
predrilled holes and bonded to the dorsal surface of the skullsed to calculate the WBP tidal volume (VT) signal from
with dental acrylic (Land Dental, Wheeling, IL) under 1-2%the WBP chamber pressure signal. Application of this formula
iso urane anesthesia. Two nuchal electromyographic (EMG)

electrodes were tunneled subcutaneously and placed over the

nuchal muscles posterior to the skull. Mice were allowed t
recover for 3—4 days prior to polysomnography.

Experimental Design and Mouse
Polysomnography

Four—Six weeks after DREADD administration, mice were
injected with CNO at 1 mg/kgr{ D 4) or saline i D 4)

FIGURE 2 | Localization of AAV5-hSyn-hM4 (Gi)-mCherry and uorescefyt
labeled cholera toxin B (CTB-AF488) in the hypoglossal nwals. Fluorescent

FIGURE 1 | Localization of AAV5-hSyn-hM4 (Gi)-mCherry DREADD in the microscopy images ( 20) shows (A) CTB labeled motoneurons within the
hypoglossal nucleus. Fluorescent microscopy images ( 10) show mCherry rostral hypoglossal nucleus following genioglossal injéion; (B) mCherry
expression spanning the hypoglossal nucleus. 12N denoteshe hypoglossal expression in the same section{C) merged mCherry and AF488 images. 4V
nucleus; 4V denotes the fourth ventricle. denotes 4th ventricle.
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required the measurement of the following variables duringvimaxl1 and Vimax2, respectively. Breaths were considered to b
each WBP recording session: mouse rectal temperature, airamimon- ow limited when a plateau in mid-inspiratory ow could
temperature, room temperature and relative humidity, andnotbe discerned. Sni s were de ned by their short duratioh@n
chamber gas constant, which was calculated by utilizingoakn  the total inspiratory time was 1.75 SD of the mean inspiratory
volume injection and the resultant WBP pressure de ection.  time of the entire sample of breaths, and were excluded. For
Mice were habituated to the WBP chamber from 10:00he remaining inspirations with durations 1.75 SD, IFL was
am to 04:00 pm 1 day before the recording session. Durinde ned if a plateau in mid-inspiratory ow was detected, as
full polysomnographic recording sessions, the chamber wdsllows. (1) Breaths with an early peak of inspiratory ow had
humidi ed to 90% relative humidity, and the mouse was allowe to be followed by a plateau of su cient duration. A plateau was
45 min to acclimate to the chamber before recording. All sign considered to be present if Vimax1 was greater than both Vi50
were digitized at 1,000Hz (sampling frequency per channeBnd Vimax2 (decrescendo pattern), and if the time between the
and recorded in LabChart 7 Pro (Version 7.2, ADInstrumentsearly and late ow peaks were20% of the total inspiratory time.
Dunedin, NZ). Respiratory signals were analyzed from alAttimes, a decrease in ow could be discerned beyond the point
REM sleep periods and from periods of NREM sleep sampledf Vimax1, consistent with the phenomenon of negative e ort
periodically at 20s stretches every half an hour throughoutlependence in IFL breaths. (2) Alternatively, IFL was de fead
the total recording time. NREM stretches were selected frorbreaths in which the late inspiratory peak in air ow exceeded
NREM periods of at least 1 min. Custom software was usethe early peak. Once breaths were deemed to be ow-limited, we
to demarcate the start and end of inspiration and expirationde ned the severity of air ow obstruction by the absolute pea
for subsequent calculations of timing and amplitude parangeterlevel of Vimax.
for each respiratory cycle. Oxyhemoglobin saturation (§pO
was monitored using pulse oximetry with a mouse neck Co"aHistoIogy

clip (Starr Life Science, Oakmont, PA). Body temperature Wagiice were sacri ced by iso urane overdose and rapidly perfused
measured by a rectal probe. Additional customized softwa® W yith phosphate bu ered saline (PBS). The brains were carefully

used to demarcate each inspiration, classify the breath @ Oremoved, cryoprotected in 20% sucrose in PBS overnight@t 4
limited and describe maximal inspiratory air ow (vhax) and

components of minute ventilation ().

Sleep and Respiratory Analysis
Studies were scored by two independent scorers (RL and HP),
who were blinded to study conditions. Sleep-wake state was
scored visually in 5s epochs from 10:00 am until 04:00 pm.
Standard criteria were employed to score sleep-wake st3
based on EEG and EMG frequency content and amplitude, as
previously described@). Wakefulness was characterized by low-
amplitude, high-frequency (10 to 20 Hz) EEG waves and high
levels of EMG activity compared with the sleep states. NREM
sleep was characterized by high-amplitude, low frequen@t6

5 Hz) EEG waves with EMG activity considerably less than durin
wakefulness. REM sleep was characterized by low-amplitud
mixed frequency ( 5 to 10 Hz) EEG waves with EMG amplitude
either below or equal to that during NREM sleep.

The instantaneous respiratory rate (RR, breaths/min) was
calculated as the reciprocal of the respiratory period, and the
instantaneous ¥ (mL/min) was product of the RR and vfor
each breath. SpOwas monitored using neck collar clip pulse
oximetry. The oxygen desaturation index (ODI) was de ned as

4% oxyhemoglobin desaturation from the baseline (ODI) fo
at least two breaths. T90 was de ned as the percentage of to
sleep time spent with SpGx 90%.

We utilized the airow and respiratory e ort signals to
develop an algorithm for detecting upper airway obstruction

during sleep. Obstruction was characterized by the developme
of inspiratory ow limitation (IFL) in the presence of incread

e ort. Custom software provided a discrete value for inspirgto
ow (Vi) at the inspiratory midpoint (Vi50). This midpoint was
then used to partition inspiration into early and late phase=alP
inspiratory ow during the early and late phases were de ned a

Y

FIGURE 3 | Localization of AAV5-hSyn-hM4 (Gi)-mCherry and uorescefyt
labeled cholera toxin B (CTB-AF488) in the hypoglossal nuals. Fluorescent
microscopy images ( 20) shows (A) CTB labeled motoneurons more
caudally, at the obex level of the hypoglossal nucleus, follving genioglossal
injection; (B) mCherry expression in the same section(C) merged mCherry
and AF488 images. * denotes central canal.

Frontiers in Neurology | www.frontiersin.org 4

November 2018 | Volume 9 | Article 962


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Fleury Curado et al. Chemogentic Model of Sleep-Disordered Breathing

The next morning, brains were frozen on dry ice and storednonitored for 30min and every 20min thereafter until
in antifreeze solution at 20 C until further use. A subset of ambulatory.

mice (O D 5) was injected with a retrograde uorescent tracer On the day of experiment, animals (21-24 days old)
cholera toxin B conjugated to Alexa FIUYr488 (CTB-AF488, were anesthetized with iso urane, sacri ced and glyceraséd
ThermoFischer, Waltham MA) bilaterallyrdl per site x 2 (10nl  arti cial cerebrospinal uid (aCSF) was perfused transcatlyi.

in total) under 1-2% iso urane anesthesia. The injectioreyav  Glycerol-based aCSF @) contained (in mM): 252 glycerol, 1.6
performed into the dorso-caudal segment of the tongue pasteri KCI, 1.2 NaH2PO4, 1.2 MgCl, 2.4 CaCl2, 26 NaHCO3, and 11
to the intermolar eminence by the dorsal approach, 0.5 mnglucose. The brain was removed, and 3G@-thick coronal slices
laterally to the midline using a 1 Hamilton syringe. The depth of the medulla containing the hypoglossal nucleus were obthin
of the injection was 1 mm as assured by the needle cu . Previousith a vibratome. The slices were then transferred to a suuif
studies in rodents demonstrated that injections according the following composition (in mM) 110 N-methyl-d-glucamine
these coordinates target predominantly extrinsic muscfeb® (NMDG), 2.5 KClI, 1.2 NaH2PO4, 25 NaHCO3, 25 glucose, 0.5
tongue, speci cally, the genioglossus musélg 86). Mice were  CaCl2, and 10 mM MgSO4 equilibrated with 95% O2-5% CO2
sacriced 72 hs later. The medulla was cut into +-thick  (pH 7.4) at 34C for 15min. The slices were then transferred
coronal sections on a sliding microtome (Thermo Scienti & H from NMDG-based aCSF to a recording chamber, which
560; Waltham, MA, USA). The sections were performed via thallowed perfusion (5—10 ml/min) of aCSF at room temperature
entire medulla. mCherry and AF488 uorescence was visadliz (25 C) containing (in mM) 125 NaCl, 3 KCI, 2 CaCl2, 26
with the Olympus BX41 microscope with the Image Pro PlusNaHCO3, 5 glucose, and 5 HEPES equilibrated with 95% O2—

analysis software (Media Cybernetics). 5% CO2 (pH 7.4) for at least 30 min before experiments were
) _ _ conducted.
Slice Preparation and Electrophysiology Individual neurons in the hypoglossal nucleus were iderdi

For the in vitro recording mouse pups were anesthetizedoy the presence ofthe uorescenttracer. These identi edroes
with hypothermia. Animals were mounted in a stereotacticwere then imaged with di erential interference contrast @gtj
apparatus with a neonatal adapter (Stoelting, Wood Dale, ILjnfrared illumination, and infrared-sensitive video detien
The skull was exposed, and a small hole was made to positimameras. Patched pipettes (2.5-3.5> Mwere lled with

a pulled calibrated pipette (VWR, Radnor, PA) containing virala solution consisting of 135mM K-gluconic acid, 10 mM
vector. Viral vector (20 nl) was slowly injected at the folilogg HEPES, 10mM EGTA, 1 mM CacCl2, and 1 mM MgCI2. Action
stereotactic coordinates from the bregma4.2 mm anterior- potentials of hypoglossal neurons were recorded in current
posterior, 0 mm medial-lateral and 1.6 mm dorso-ventral.eAft clamp con guration with an Axopatch 200B and pClamp 9
surgery, buprenorphine was administered, and animals wergoftware (Axon Instruments). Clozapine-N-oxide (CNO,rtiI)

A CNO (10 uM)

20 mV
1 min
B .
1-
¥ os- *
~ ., * *
g o6 [ * « ¥ ¥ o %
2 Z * x = X X T
g 04 2 1 2 T L L e
w g - - 7‘7 I - . 3
iea L E 1
0.2 Z—P ] g
0 A0 AP P | Z Rz
Control 2 4 6 8 10 12 14 16 18 20

Time after CNO application (min)

FIGURE 4 | In-vitro activation of hypoglossal neurons that contain inhibitorfPREADDs.(A) Representative example demonstrates a depression of actiopotential
ring of DREADDs-containing hypoglossal neuron recorded ilcurrent-clamp con guration after 1-min CNO (10mM) application.(B) The summary data from 7
neurons illustrate signi cant P < 0.001, 1-way ANOVA) inhibition of ring activity of hypoglasal neurons that started as early as 2min post CNO applicatioand
lasted for at least 20 min post CNO application. **P < 0.001.
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was applied to examine its e ects on spontaneous action potenti@TB, especially dorsally, indicating that retractors andyma
ring of DREADDs expressing hypoglossal neurons. be intrinsic tongue muscles were also DREADD transfected
Analysis of ring activity of hypoglossal neurons was (Figures 3A—-Q. Unlike the rostral portion of the 12 nucleus,
performed using Mini Analysis (version 5.6.12; Synaptosofthe caudal portion contained CTB-positive DREADD-negative
Decatur, GA). Firing activity was analyzed from 2 min periodsmotoneurons, because our stereotactic injection was more
prior to CNO application (control), and in sequential 2-min rostral.
periods for 20 min post CNO application. Results are presented The responses of individual hypoglossal neurons upon
as means SE and statistically compared by ANOVA with activation of hSyn-hM4(Gi)-mCherry were assessed using
repeated-measures and Dunnett's posttest. Signi cant dnegee in vitro patch-clamp techniques. The action potential ring

was set aP < 0.05. frequency of DREADDs-containing hypoglossal neurons was
o ) signi cantly inhibited within 2 min after CNO application (frm
Statistical Analysis 0.97 0.11Hzto0.54 0.12Hz;n D 7;P< 0.001Figure 4A).

The primary objective of the present study was to examinghis inhibition of ring activity in hypoglossal neurons was
e ects of CNO in SDB. Our primary outcome was the percentagénaintained for at least 20 min post CNO application (0.97
of ow-limited breaths during sleep. Our secondary outcomesp.11 Hz, control vs. 0.41 0.11 Hz, 20 min post CNOp D 7; P
were severity of disturbances in ventilation and oxygemati < 0.001; 1-way ANOVAFigure 4B)
The statistical analysis was designed to examine e ects @ CN CNO activation of DREADDs in thdn-vivo studies did
on measures of upper airway obstruction, ventilation, and gagot a ect body weight or sleep architectureTables 1 2).
exchange disturbances. Speci cally, upper airway obstmictioNon- ow limited breathing and ow limited breathing indexe
severity was characterized by the percentage of breaths thgiaracterize respiratory pump and upper airway function during
exhibited IFL and the level of Vimax during ow limited sleep, respectively and therefore were analyzed separately.
breathing. Ventilation was assessed by VE and its componenighibiting hypoglossal motoneuron activity had no e ect on
VT and RR, during non- ow limited and ow limited breathing. the parameters of non-ow limited breathing. There was
The severity of gas exchange abnormalities was charadeniz  no signi cant change in minute ventilation, tidal volume,
T90 and mean SpO2 across sleep/wake states. The periodig&gpiratory rate or mean SpOin NREM or REM sleep
of gas exchange abnormalities (measures of sleep apnea) Wesble 3.
assessed by ODI. SDB parameters were compared betweenn contrast, inhibiting hypoglossal motoneuron activityttvi
CNO and saline with the Wilcoxon rank-sum tests (STATACNO induced a dramatic increase in the frequency of ow liedt
12, StataCorp LP, College Station TX). Because sleep stage Greaths expressed as the percentage of all breBitsres 5 6).
markedly a ect SDB severity, we strati ed analyses by NREMFL frequency increased both in NREM sleep (from 1.9.3%
vs. REM sleep. In all casespaalue< 0.05 was considered after vehicle injection to 14.2 3.4% after CNOp < 0.05) and
signi cant. REM sleep (from 22.3 4.1% to 30.9 4.6%, respectivelp,<
We powered our study to detect an increase in percentage 0f05;Figure 4). CNO did not a ect minute ventilation or Vimax
IFL breaths after CNO compared to saline of 10%, with aWithin-during ow limited breathing (Table 4. There was no change in
group standard deviation of 5%. Under these assumptions, Ww@e mean Spg ODI or T90.
calculated a standardized e ect size of 2. We, thereforenattd
that six mice (using animals as their own control, CNO vsnsgl
would result in a 90% chance to detect a di erence in the IFLDISCUSSION

prevalence. ) )
To our knowledge, this study demonstrates that e ective

silencing of hypoglossal motoneurons with chemogenetic
RESULTS techniques leads to pharyngeal air ow obstruction during

Six to eight weeks after infection with rAAV5-hSyn-hM4(Gi), natural sleep in mice that closely mimics sleep disordered

mCherry expression was localized to the hypoglossal nucleus %qsaothi_r;g in héjr;:ans. l\Ne clon rmed by single ceII_ r(_acor_dir?_%t_tha
all eight mice Figure 1). Five out of eight mice were injected with silenced hypoglossal motoneurons containing inhibitory

CTB-AF488 into the genioglossus muscle to con rm localizat DREADDs and performed polysomnographic_recordings in

of DREADDs to hypoglossal motoneurons innervating theIean wildtype mice expressing inhibitory DREADDs in the
tongue protrudors. In the rostral portion of the 12 nucleus,
where th.e g_enloglossus Schompartment of the hypc.gloss'raAIBLEHBasic characteristics of C57BL/6J mice, which underwent slep
nucleus is hlghly represented’ espeually ventre@l& 66)' a studies after vehicle (saline) and clozapine-N-oxide (CN@eatment.
majority of motoneurons expressed DREADDEdure 2). All

CTB expressing neurons colored in gre€iglre 2A) changedto Phenotype N Age (weeks)  Body weight Body

orange upon merging with mCherry DREADDEiures 2B,Q. @ temperature (- C)
However, a few DREADD positive neurons did not changg,ehicle 8 101 1s 281 13 N
color from red to orange suggesting that these motoneuron o 20'4 1'6 28'4 1'4 35'2 0'1

innervated other lingual muscles. In contrast, caudalythe
obex region many mCherry positive neurons did not containvalues are presented as means SEM.
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TABLE 2 | Sleep architecture in lean and diet-induced obese C57BL/6J rice.

Phenotype Sleep ef ciency Sleep duration (min) Sleep bouts
(% total time)

Number Length (min)
Total NREM REM NREM REM NREM REM
Vehicle 451 5.1 172 20 166 18 73 29 26 4 12 2 25 04 1.1 0.2
CNO 41.0 3.7 138 10 127 9 121 1.8 21 4 14 2 21 04 1.3 0.1

Values are presented as means SEM.
CNO, clozapine-N-oxide.

TABLE 3 | Physiology of non- ow limited breathing in C57BL/6J mice, whth underwent sleep studies after vehicle (saline) and clopae-N-oxide (CNO) treatment.

Ve vt RR SPO,

NREM REM NREM REM NREM REM NREM REM
Vehicle 365 11.1 345 122 0.21 0.04 0.16 0.01 178 64 237 121 2.4 24 243 42
CNO 385 143 316 131 0.27 0.09 0.16 0.07 147 33 218 91 95.0 0.8 921 38

VE, minute ventilation; Vt, tidal volume; RR, respiratory rate, SpO2, meaxyhemoglobin saturation Values are presented as means SEM.

FIGURE 5 | (A) A representative trace of NREM sleep after saline and afterN delivery in lean mice. Panels shows compressed recordingf EEG, nuchal EMG,
respiratory ow, effort and pulse oximetry (SpO2); The astésks indicate ow limited breaths; (B) The shaded area on the right panel is decompressed.

hypoglossal nucleus. The main nding of the study was that, irOSA to develop. In discussion below we will further elaborate
the absence of any predisposing anatomical factors, silgrafin on our ndings in the context of the pathogenesis of OSA and
hypoglossal motoneurons led to partial upper airway obstrurctio development of animal models.

during sleep, but recurrent hypopneas and apneas were absent.The anatomic predisposition and elevated mechanical load
This pattern of sleep disordered breathing is similar to $mgr on the upper airway imposed by obesity play a key role
and obstructive hypoventilationin childre®g, 39. Our ndings  of the pathogenesis of OSAlL4 40-43). However, robust
are consistent with a current understanding of the pathogéne dynamic neuromuscular response protects airway patency and
of OSA suggesting that, in addition to neuronal dysfunctionmay prevent OSA44), and vice versaincreased mechanical
compromised pharyngeal anatomy should be present for franloads and blunted neuromuscular responses are both required
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for the development of OSA1{). Based on these ndings lean mice. The genioglossus muscle of the tongue is the main
we have previously formulated two hit hypothesis of the pharyngeal dilator innervated by the hypoglossal nedve49).
OSA pathogenesid {, 24). Nevertheless, it remained unknown An increase in genioglossus activity has a protective e ect$®O
whether diminished neuromuscular response alone withou{50-53). Although current technology does not allow exclusive
compromised anatomy can lead to sleep disordered breathingrgeting of genioglossus as opposed to other muscles of the
and OSA. tongue, we targeted DREADD injections at the ventral rostral

Our lab performed extensive studies of upper airwayportion of the 12 nucleus, which is enriched by motoneurons
physiology in mice and demonstrated that lean wildtype micénnervating the upper airway dilator3g, 36). We provide the
lack anatomical predisposition to OSAR% 29). In contrast, rst evidence that silencing of hypoglossal motoneurons and
obese rodents have extensive fat depositions and increas@jual muscles alone (without other pharyngeal muscles) is
mechanical load on the upper airway, similar to obese humansu cient to cause pharyngeal obstruction during NREM sleep
(25, 29, 41, 45). We have also performed full polysomnographicin the absence of anatomic predisposition to sleep disordered
recordings in genetically obesb/obmice (26, 46) and C57BL/6J breathing.
mice with diet induced obesity2@). The main focus of these The main characteristic of OSA is recurrent airway
studies was to examine the prevalence and severity of IFL,odstruction during sleep, which is measured by the apnea
de ning feature of pharyngeal obstruction during sleep. Weda hypopnea index or by oxygen desaturation index (Om@ip/ob
shown that obesity leads to IFL during both NREM and REMmice show signi cant increase in the ODI, especially during
sleep. In contrast, lean mice had occasional ow limitationsREM sleep %0). In contrast, mice with diet induced obesity did
during REM sleep, but no evidence of IFL during NREM sleemot show any increase in ODI, compared to lean mice with the
(23. In the current paper, we demonstrated that inhibition of stable airway 43). Similarly, in our present study, inspiratory
hypoglossal motoneurons induces inspiratory ow limitatiom  ow limitation did not result in frank OSA and hypoxia indexes
did not increase in inhibitory DREADD-treated mice after
CNO administration. These ndings imply that uncompromised
animals are capable to defend their respiratory function even
when hypoglossal neurons are inhibited. In fact, mice preskrve
their maximal inspiratory ow and minute ventilation during
obstructed breaths, which may suggest activation of other
pharyngeal muscles to compensate for genioglossus de ciency
It is conceivable that inspiratory ow limitation increasemork
of breathing generating higher COlevels, which activated
protective neuromuscular responses during sleég).(Sleep
disordered breathing in children frequently has similaatigres
demonstrating persistent IFL without typical OSAY 56).
In addition to compromised anatomy and neuromuscular
responses, OSA cycling is predicated on other factors such as
overly robust ventilatory control and low arousal threshold
(57-60), which may not be perturbed in our mouse model or in
children without OSA. Thus, although silencing of hypogkdss
motoneurons predisposes to sleep disordered breathing, other
risk factors, such as compromised pharyngeal anatomy, may be
necessary to breach compensatory mechanisms preventing the
development of frank OSA.

Our study had several limitations. First, we used non-Cre-

FIGURE 6 | Percentage of ow limited breaths in both NREM sleep (1.9%
1.3% baseline vs. 14.2% 3.4% CNO, p < 0.05) and REM sleep (22.3%
4.1% baseline vs. 30.9% 4.6% CNO, p < 0.05). *p < 0.05.

dependent DREADDs, which could be expressed non-selectively
in functionally distinct cell populations. The DREADD had a
neuron-speci ¢ synapsin driver and therefore the expression

TABLE 4 | Physiology of inspiratory ow limited breathing in C57BL/6J rite, which underwent sleep studies after vehicle (salinend clozapine-N-oxide (CNO) treatment.

Vimax Ve vt SPO, oDI4 T90
NREM REM NREM REM NREM REM NREM REM NREM REM

Vehice 25 14 23 07 337 169 347 231 017 03 01 00 939 35 945 43 35 11 187 90 123 23

CNO 32 09 19 07 490 168 301 103 024 03 01 00 949 33 914 37 14 05 114 42 191 86

Vimax, maximal inspiratory ow; \¢, minute ventilation; Vt, tidal volume; Sp®, mean oxyhemoglobin saturation; ODI4, oxygen desaturation index (4% from baseline) per hour of sleep;
T90, the percentage of total sleep time spent with Sp@ < 90%. Values are presented as means SEM.
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was limited to neurons. DREADDs were administered rostrallycharacteristic of adult OSA. We propose that silencing of the

but not caudally to the obex, in a portion of the 12th hypoglossal neurons will lead to overt OSA when this neurologic

nucleus containing motoneurons innervating tongue protousl  de cit is combined with obesity or craniofacial abnormasis.

(61). Moreover, experiments with injection of CTB con rmed The rodent model will likely lend itself to studies examinirget

that DREADDs were predominantly localized in hypoglossalmpact of other pathogenic factors on disease expression, as well

motoneurons innervating the genioglossus muscle, the maias the e ects of OSA on cardiometabolic outcomes.

pharyngeal dilator. Nevertheless, hypoglossal motoneurons

innervating lingual retractors and intrinsic muscles oéttongue ETHICS STATEMENT

as well as respiratory control neurons could be involved. In

fact, a trend to deeper and slower respiration observed duringhis study was carried out in accordance with the

non- ow limited breathing after CNO injectionsTable 3 may recommendations of Johns Hopkins University Animal

be related to these o -target e ects on ventilatory control. Care and Use and by George Washington University Animal

Second, we did not examine the eect of chemogeneti€are and Use. The protocol was registered and approved by

inhibition in obese mice. However, the goal of the study wasnstitutional Animal Care and Use Committee (IACUC) of both

to determine whether silencing of the hypoglossal neuron&niversities.

will induce sleep disordered breathing in the absence oéoth

predisposing factors such as obesity. Third, we did not exeaminAUTHOR CONTRIBUTIONS

the e ect of inhibitory DREADDs in female mice. Fourth,

persistent IFL could lead to hypoventilation without OSA with TF: study design, experiments, data collection, and wrjttB,

COy elevation as frequently observed in obese childréd).( RL, and AA: data collection; OD and SB: experiments and data

However, we do not have technical ability to continuouslycollection; CF: experiments; LS: writing; DM: experiments and

measure CQ levels in mice during sleep. Finally, it has beenwriting; AS and VP: study design and writing.

recently shown that CNO is not entirely selective and, in

fact, can be metabolized to clozapine. However, we used RUNDING

very low dose of CNO, and therefore, its e ect was probably

speci c (63). This research was supported by the National Institute of Health
In conclusion, we have shown that chemogenetic silencing afnder Grant NIH R01HL138932-01 and R01HL128970 and

the hypoglossal motoneurons in lean mice leads to IFL, whicthe Coordination for the Improvement of Higher Education
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