UPPER AIRWAY MECHANORECEPTORS AND OSA

http:/dx.doi.org/10.5665/sleep.2630

Sensitization of Upper Airway Mechanoreceptors as a New Pharmacologic
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Study Objectives: Drug treatment for obstructive sleep apnea (OSA) is desirable because at least 30% of patients do not tolerate continuous
positive airway pressure (CPAP) treatment. The negative pressure reflex (NPR) involving superficially located mechanoreceptors in the upper
airway (UA) is an important mechanism for UA patency inhibitable by topical UA anesthesia (lidocaine). The NPR may serve as a target for phar-
macological intervention for a topical treatment of OSA. The objective was to determine the effect of pharmacological augmentation of the NPR on
UA collapsibility.

Design: We developed a model of UA collapsibility in which application of negative pressures caused UA collapses in spontaneously breathing
a-chloralose-urethane anesthetized pigs as indicated by characteristic tracheal pressure and air flow changes.

Setting: N/A.

Patients or Participants: N/A.

Interventions: N/A.

Measurements and Results: The potassium channel blocker AVE0118 administered topically to the UA in doses of 1, 3, and 10 mg per nostril
sensitized the NPR, shifting the mechanoreceptor response threshold for the genioglossus muscle to more positive pressures (P < 0.001; n =6
per group) and dose-dependently inhibited UA collapsibility. Ten mg of AVE0118 prevented UA collapses against negative pressures of -150 mbar
(P<0.01) for >4 hin all pigs, while in control pigs the UA collapsed at -50 mbar or less negative pressures. The effect of AVE0118 was abolished by
UA lidocaine anesthesia. Acute intravenous administration of naloxone or acetazolamide was ineffective; paroxetine and mirtazepine were weakly

effective and fluoxetine was moderately effective in line with reported clinical efficacy.

Conclusion: Topical administration of AVE0118 to the UA is a promising pharmacologic approach for the treatment of OSA.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a common disorder char-
acterized by repetitive collapses of the pharyngeal airway dur-
ing sleep. The prevalence of moderate-severe OSA (AHI > 15)
in middle-aged adults is approximately 7% (9% in men, 4% in
women), whereas the prevalence of mild OSA is substantially
higher.! OSA is highly prevalent in patients with cardiovascular
and metabolic disorders.>?

The current gold standard treatment is continuous positive
airway pressure (CPAP) via a mask that splints open the airway
against all collapse-inducing forces. The discomfort associated
with CPAP reduces compliance so that only 50-70% of the pa-
tients with OSA use it in the long run.** Therefore, a pharma-
cological treatment would be highly desirable for those who do
not tolerate CPAP or who refuse it because they do not suffer
from excessive daytime sleepiness but who may carry a higher
cardiovascular risk.
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OSA results from an anatomically narrow upper airway
(UA) in conjunction with an insufficient neuromuscular activa-
tion of the UA dilating muscles during sleep, in absolute terms
or only relative to the need for a higher tone that would be re-
quired in a narrow airway to compensate for the unfavourable
narrow anatomy. Simple passive, anatomic abnormality cannot
fully explain the genesis of OSA.¢ Several studies have shown
that the severity of OSA is weakly correlated with the sever-
ity of the pharyngeal mechanical abnormality.”® This strongly
suggests that shortcomings in active neuromuscular control
mechanisms, which may often only be transient, play an im-
portant role. Those active neuromuscular mechanisms should
be amenable to pharmacological manipulation. The observa-
tion that patients with OSA have apnea-free intervals in which
genioglossus (GG) muscle activity was only 25-40% higher
compared with sleep phases with frequent obstructive apneas’
clearly adds an additional argument that pharmacological stim-
ulation of the UA dilating muscles by an appropriate drug has a
chance of protection from obstructive apneas. Moreover, elec-
trical stimulation of the GG muscle has been shown to reduce
airway collapsibility."

Whether effective pharmacological activation of UA dilat-
ing muscle activity is possible in patients with OSA remains
to be demonstrated because attempts to do so were not con-
vincingly successful despite a number of clinical studies with
different pharmacological principles. Only mild to moderate
efficacy was achieved.>'"'? Serotonin uptake inhibition and
acetylcholine-esterase inhibition were the only pharmacologi-
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cal interventions that were most consistently effective. How-
ever, the efficacy was at best moderate and without any clinical
relevance. It is important in this context to mention that none of
those or other pharmacological principles ever tested in patients
with OSA had been specially designed and developed for OSA.
In this article we report that indeed five such drugs tested in
patients with OSA have no or only a moderate effect in our new
pig OSA model.

Major pharmacological progress in the search for drugs for
OSA has been hampered or even precluded by both the lack of
appropriate pharmacological models and the lack of innovative
pharmacological concepts for anti-OSA drugs. To some extent
both flaws were causally related in that it is difficult to estab-
lish a new pharmacological model without a positive control
(a drug appropriate at least for experimental purposes). Devel-
oping new pharmacological concepts often requires testing of
numerous diverse pharmacological principles in an appropriate
animal model to deduce ideas for more appropriate and more
efficacious pharmacological principles. We succeeded in identi-
fying a potent new pharmacological principle that inhibited UA
collapsibility in pigs as a functional parameter.

Superficially located mechanoreceptors are present in the
UA mucosa to sense UA (negative) pressure during the respira-
tory cycle. This mechanoreceptor feedback is responsible for
most of the UA dilating muscle response and referred to as the
negative pressure reflex.'*!'* Our new pharmacological concept
is derived from the observation that careful local UA anesthesia
with sodium channel blockers such as lidocaine (administered
topically) was reported to inhibit GG electromyogram (EMG)
activity in animals and man and to induce OSA in snorers or to
worsen OSA in patients.'*!"> This reflex is deemed one of the
most potent mechanisms in keeping the UA patent. The basic
idea was that because this reflex can be pharmacologically in-
hibited by topical administration of local anesthetic agents to
the UA, there should be a complementary pharmacological
possibility of activating it (by topical administration of an ap-
propriate pharmacological principle). Sodium channel blockers
inhibit neuronal activity, whereas potassium channel blockers
augment neuronal activity by effects on the resting membrane
potential or on repolarization.'® Therefore, an appropriate po-
tassium channel blocker could increase UA reflex activity after
topical administration. We were able to identify such a com-
pound, AVE0O118, which has been characterized as a blocker
of potassium channels."” In this study we investigated whether
AVEO0118, administered nasally in slow-release formulation,
augmented the activity of the negative pressure reflex (NPR)
by determining the pressure threshold at which the NPR was
activated, and we tried to find out whether an augmented NPR
was able to inhibit UA collapsibility induced by strong negative
pressure challenges in an new animal model of a-chloralose-
urethane anesthetized pigs.

METHODS

Experimental Animals, Anesthesia, and Surgical Procedures

All studies in animals were conducted in accordance with
German laws for protection of animals. Furthermore, the in-
vestigation conforms to the guidance for the Care and Use of
Laboratory Animals published by the US National Institutes of
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Health (NIH Publication No. 85-23, revised 1996). Male cas-
trated German Landrace pigs (weight range 20-35 kg, n = 45)
were used. To avoid stress responses during ear vein cannula-
tion for the induction of general anesthesia, pigs were sedated
in the animal house by intramuscular injection of a mixture of
low doses of Rompun® 2% (xylazine HCI, 23.3 mg/mL; Bay-
er), 0.5 mL and Zoletil® 100 (Virbac). The contents of a vial of
Zoletil® 100, 250 mg of tiletamine, and 250 mg of zolazepam
as dry powder was dissolved in 10 mL of the solvent. Next, 1.5
mL of this solution was injected intramuscularly per pig.

Experiments were performed on pigs in a supine position un-
der general anesthesia induced and maintained by a mixture of
a-chloralose and urethane. Anesthesia was induced by injecting
10 mL of a-chloralose solution (4.2 g/100 mL) intravenously
into an ear vein corresponding to a dose of 16.8 mg/kg for a pig
of 25 kg body weight followed by 35 mL of urethane solution
(20 g/100 mL; 280 mg/kg). Urethane was dissolved in saline
(0.9%). Chloralose was dissolved in saline that contained bo-
rax (2%) and filtered. Anesthesia was maintained by continu-
ous infusion of 25 mL/h of urethane- and a-chloralose solutions
mixed in a 50-mL syringe that was filled with 36 mL of the
urethane solution and 14 mL of a-chloralose solution.

Before skin incisions were made bupivacaine 0.5% JEN-
APHARM®, having a long lasting anesthetic effect, was in-
jected for additional infiltration anesthesia. The incisions were
closed and sutured to prevent drying.

A femoral artery and vein were cannulated for blood pres-
sure monitoring, blood gas analysis, and for the administration
of the test compounds. Anesthesia was monitored via heart rate,
blood pressure, ventilation, electrocardiogram (ECG), determi-
nation of blood gases, pulse oximetry (ear), and regular reflex
testing for pain. Reflex testing was performed 15 min before
each collapsibility test by pinching the pig’s tail with a pair of
tweezers close to its origin at the level of an intercoccygeal ar-
ticulation. In case of insufficient anesthesia the pig would move
its tail and a bolus dose of 5 mL of the anesthesia maintenance
solution would then be applied and, if needed, repeated until
this reflex disappeared. Body temperature was monitored and
maintained using an infrared lamp. Oxygen was applied if
necessary to keep oxygen saturation close to 100% via a tube
placed into the outlet of the flowmeter attached to the facial
mask (Figure 1). In this open system a flow rate of 2 L/min of
oxygen was sufficient to keep saturation close to 100%. The
animals spent most of the time with nasal breathing. Occasion-
ally, mucus tended to obstruct the tracheal tubes and had to be
removed. In such cases tracheal breathing was periodically al-
lowed for blood gases improvement until physiological values
were recovered.

A tracheotomy was performed 1-2 cm below the larynx (Fig-
ure 1). Care was taken to avoid injury of the laryngeal nerves.
Two cannulas (1 cm outer diameter, 1 mm wall thickness) were
inserted (approximately 2 cm) into the trachea, one into the
rostral part and the other into the caudal part of the trachea so
that they could be fixed by a thread around the trachea to seal
the connection. As the trachea was dissected, both ends of the
thread that fixed the proximal tube were tied around the dis-
tal tube to restore the longitudinal tension. Using a T-shaped
connection piece, the rostral cannula was connected to a tube
to the negative pressure device and to the distal tracheal can-
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Figure 1—Breathing circuits in the anesthetized pig. A, rostral tracheal tube; B, caudal tracheal tube; C, tube connecting rostral and caudal trachea; D, tube
to atmosphere for tracheal breathing in the open state; E, tube to negative pressure device; F, thin tube for the registration of sublaryngeal pressure that was
advanced into the rostral tracheal tube. Arrows on tubes A and B show the direction of the tubes in the trachea. In the setting illustrated in the figure the pig
is in a situation of nasal breathing, with the clamp closing the tube to atmosphere. Removing the clamp from position D and putting it onto the connecting
tube between rostral and caudal trachael tubes (C, arrow) leads to tracheal breathing, a situation in which actuation of the negative pressure device for the
collapsibility test directs the negative pressure to the upper airway in an inspiratory direction via tube E.

nula. The distal tracheal cannula was additionally connected to
a tube with an open end to atmosphere via a T-shaped connec-
tion piece that served for free tracheal breathing, circumventing
the UA. By appropriate opening and clamping of those tubes
breathing could be switched from nasal breathing to breathing
through the caudal tracheal cannula, circumventing the UA, and
the (isolated) UA could be connected to the negative pressure
device, causing airflow in the inspiratory direction (Figure 1). A
thin tube was advanced into the rostral trachea and connected to
a pressure transducer element for the measurement of tracheal
(sublaryngeal) pressure. The snout was sealed with adhesive
tapes, sparing the nostrils, and covered with a plastic bag onto
which a flowmeter (Ohmeda) was fixed at the free end for the
measurement of nasal airflow. The part of the bag on the pig’s
snout was sealed airtight by an elastic ribbon.

Measurement Methods

GG EMG Measurement

For the bipolar registration of the GG EMG, steel needles
were placed 4-6 mm deep through the mylohyoid muscle into
the GG muscle via a small skin incision midway between the
chin and the hyoid bone. The raw EMG signals were amplified,
filtered (bandwidth 50 Hz to 10 kHz), rectified, and integrated
(moving average with a time constant of 1 sec) using a Hugo
Sachs EMG-amplifier.

Collapsibility Tests by Application of Negative Pressure

The negative pressure device consisted of a negative pres-
sure container (50 L) with a manometer that was evacuated by
a vacuum pump and activated via a solenoid valve. The de-
vice enabled generation of any negative pressure as low as -150
mbar. The pressure level was set and the desired level reached
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in the device before the pressure challenge. To induce a UA
collapse (collapsibility test), breathing was switched from nasal
to tracheal breathing and one nostril was closed during applica-
tion of negative pressure by lateral pressure with two fingers
to increase nasal resistance (Figure 1). Next, actuation of the
negative pressure device applied the preselected device pres-
sure onto the UA airway via the tube connecting the device
to the cranial tracheal cannula. Negative pressure was applied
for at least three breaths, which caused a collapse of the UA
under control conditions as indicated by the measurements of
airflow (to the device) and of sublaryngeal pressure. In pigs
such negative pressure challenges were performed with nega-
tive pressures of -50, -100, and -150 mbar. The highest pressure
of -50 mbar was applied first and maintained for at least three
breaths. The next pressure challenge applying the more nega-
tive pressures were performed usually after pauses of at least
five breaths. A complete collapsibility test at the three pressure
levels indicated was performed before administration of the test
compound and at regular intervals after administration (up to 4
h after administration of the test compound).

Determination of the Mechanoreceptor Response Threshold

The aim of this investigation was to determine the highest
pressure (which is the least negative pressure) at which GG
EMG activity appeared, starting from total inactivity during tra-
cheal breathing. After the switch from nasal to tracheal breath-
ing, GG EMG disappeared completely in these anesthetized
pigs under control conditions because of the absence of the ac-
tivating influences of UA negative pressure. In this situation,
application of negative pressure from the negative pressure de-
vice could elicit GG EMG activity. Both nostrils were closed
so that the device pressure prevailed in the UA. Usually the
pressure test started with a negative pressure of -20 mbar. If GG
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EMG activity was present, the pressure was increased to less
negative pressure by steps of 5 mbar. If no activity appeared at
-20 mbear, the pressure was decreased by steps of 10 mbar. The
negative pressure threshold is the negative pressure at which
clear GG EMG appeared from total inactivity (during tracheal
breathing). The measurements were made before and 1, 2, and 3
h after administration of AVEO118. The measurements were al-
ways performed before the collapsibility tests. The values given
in Figure 3 are the means of six pigs in each of the four groups
(vehicle, 1, 3, and 10 mg).

The biological signals were recorded by a Hugo Sachs Plug-
sys-amplifier system and continuously stored on a computer
hard disk by an online data acquisition and analysis system
(Hem 4.2 Notocord Systems, Croissy-sur-Seine, France).

Experimental Protocols

Twenty-four pigs were studied to define the effect of a slow-
release preparation of AVE0118 (Sanofi-Aventis, Frankfurt,
Germany) on upper airway collapsibility: six after nasal ad-
ministration of a biologically neutral vehicle, and six each after
nasal administration of three different doses of AVEO118 (1, 3,
and 10 mg per nostril). The slow-release formulation showed
almost constant release over 4 h (data not shown). The ribbon
and the bag around the snout were temporarily removed for the
nasal administration of the study drug. Next, 0.4 mL of vehicle
or test compound was slowly instilled into each nostril using a
pipette during the inspiratory phase, with the head of the pig
in an elevated position. The solution was carefully distributed
over the entire circumference of the nostril to enable homoge-
nous nasal distribution. Thereafter, the snout was again covered
by the bag and sealed with the elastic ribbon.

Influence of Local Anesthesia on AVE0118 Effects

In a separate group of three pigs it was investigated wheth-
er UA local anesthesia with lidocaine abolished the effect of
AVEO0118 administered to the UA in the same way as described
previously. After nasal administration of 10 mg of AVE0118
per nostril and the first demonstration that collapsibility had
been inhibited, UA anesthesia with lidocaine was performed to
investigate whether the effect of AVEO118 was abolished. Li-
docaine 0.4 mL of 100 mg/mL solution (Xylocain-Pumpspray,
Astra-Zeneca) was instilled into each nostril with the head of
the pig in an elevated position and the negative pressure device
was actuated for 5 sec to distribute the solution into more distal
parts of the UA. As soon as GG EMG activity had disappeared
after administration of lidocaine, collapsibility tests were per-
formed as described previously.

Pharmacologic Validation of the Model

To determine the reliability of the model in discriminating
pharmacological effects, we used it to test a number of other
drugs for which clinical results from OSA patients have been
published.>'"' The drugs examined were: fluoxetine (two doses:
0.5 and 1 mg/kg given as an intravenous bolus); mirtazepine
and paroxetine (1 mg/kg intravenous bolus); acetazolamide
(3 mg/kg intravenous bolus followed by 6 mg/kg infused over
2 h), and naloxone (40 ng/kg intravenous bolus). Three pigs
were used for each drug and each dose (18 pigs in all). The in-
travenous route was used to ensure reliable drug delivery. The
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dose of each drug for the pigs (dose/body weight) was deter-
mined from that used orally in the relevant OSA patient study
divided by an assumed body weight of 75 kg.

Naloxone (Ratiopharm) was used as a ready-to-use drug.
The other agents mentioned, urethane and a-chloralose, and
borax were purchased from Sigma-Aldrich (89555 Steinheim,
Germany). UA collapsibility was determined before adminis-
tration of these drugs and at regular intervals up to 3 h after
administration as with the methods used to study AVEO118.

Euthanasia

At the end of the experiment pigs were euthanized by an
overdose of pentobarbital followed by a lethal dose of potas-
sium chloride.

Data Analysis

Mechanoreceptor Threshold Determination

Data are presented as means + standard error of the mean.
The normality (Shapiro-Wilks test) was tested for the negative
pressure threshold and global normality was assessed. This was
followed by the Levene test for two factors to check homoge-
neity of variances. Both the test on global normality and on
homogeneity of variances was significant. Thus, a rank-trans-
formation was performed with subsequent two-way analysis
of variance for the factor treatment and the factor time with
repeated measures. The Dunnett test was chosen as posthoc test
for comparisons with the vehicle group as control.

Collapsibility Test

Results are presented as percentage of pigs in which the UA
collapsed during pressure challenges with different pressure
levels of -50, -100, and -150 mbar over the time course of the
experiment. For statistical calculation of the treatment effect,
the individual time- dependent binary collapsibility data (col-
lapse versus no collapse) were transformed to two continuous
time parameters: ‘time till inhibition of collapse’ and ‘duration
of inhibition of collapse’. The subsequent statistical analysis on
both derived continuous parameters used a standard log-rank
test for the factor dose followed by the log-rank multiple com-
parisons test with Bonferroni-Holm correction versus vehicle
group to account for the censoring of the data.

The analyses were performed using SAS statistical software
V8.2. All tests were performed at the 0.05 significance level.

RESULTS

Characteristics of the Pharmacologic Pig Model of UA
Collapsibility Used

In urethane-chloralose-anesthetized spontancously breathing
pigs, continuous application of negative pressure to the UA for
a few breaths caused UA occlusion (referred to as collapse).
UA collapse was indicated by an interruption of airflow to the
negative pressure device and by a sublaryngeal pressure change
from atmospheric pressure to a pressure that approximated the
device pressure because the collapsed UA was almost airtight
toward its oral end (Figure 2A). GG EMG increased during the
negative pressure challenge but was ineffective in opening the
UA under control conditions. Pharmacologically augmented in-
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Figure 2—Tracings illustrating a collapsibility test in an anesthetized pig before (A) and after nasal administration of AVE0118, 10 mg per nostril (B). Upper
airway (UA) collapse (A) is indicated by an interruption of flow (lowest tracing) and a sublaryngeal pressure close to the negative device pressure (upper
tracing) during both the inspiratory and expiratory phase. Second and third tracing, genioglossus (GG) raw electromyogram (EMG) and integrated EMG,
respectively. After AVE0118 the UA is open (B) during the inspiratory phase as indicated by flow to the negative pressure device and sublaryngeal pressure
approaching atmospheric pressure. Time of application of negative pressure is labeled by a black line. Airflow during this period is directed to the negative
pressure device. EMG activity is given in arbitrary units, tracheal pressure in mbar, and airflow in mL/sec.

spiratory phasic activation of UA dilating muscle was able to
open the closed airway in case of effective stimulation during
the inspiratory phase whereas in most cases the UA collapsed
again during the expiratory phase because of an expiratory de-
cline in UA dilating muscle activity. The closed airway then
opened again with the rise in UA dilating muscle activity with
the next inspiratory phase. Figure 2B shows a negative pressure
challenge after AVEO118 was administered to the UA. Under
these conditions GG EMG increased. A cyclic pattern of airflow
to the negative pressure device occurred that was synchronous
with the respiratory cycle and resembled tracheal flow during
normal breathing. Pressure in the upper tracheal segment dur-
ing the collapse in the expiratory phase approximated the pres-
sure generated by the negative pressure device whereas it rose
to almost atmospheric pressure during an effective inspiratory
opening of the UA. Thus, the UA remained collapsed over the
entire respiratory cycle in the control situation or after admin-
istration of ineffective drugs. After effective pharmacological
stimulation of UA-dilating muscle activity, the UA opened with
the rising phasic activity during the inspiratory phase, while
during the expiratory phase it collapsed again and then opened
again with the next inspiratory phase. Tonic GG EMG activity
was mostly absent at normal breathing but appeared during the
negative pressure challenges (Figure 2). The effect of AVE0118
seemed to mainly depend on phasic inspiratory UA dilating
muscle activity.

Effect of AVE0118 on UA Collapsibility and Mechanoreceptor
Activation Threshold

The effects of AVEO118 on UA collapsibility and mecha-
noreceptor activation threshold are shown in Figure 3. Before
administration of AVEO118 or of vehicle, negative pressure ap-
plication to the UA caused UA collapses at all pressure levels
in all six pigs in each of the four groups except for a single
pig in the 10-mg group at -50 mbar. Vehicle did not inhibit UA
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collapsibility during the ensuing experimental period of 4 h
(Figure 3). AVEO118 showed a dose-dependent inhibition of
collapsibility with regard to the duration of action and the level
of negative pressure applied. Collapsibility was fully inhibit-
ed after the highest dose of 10 mg for 4 h even at -150 mbar,
whereas the effect of the lowest dose of 1 mg was incomplete
and its duration of action was shorter. The medians of the ‘time
till inhibition of UA collapse’ for the different dose groups of
AVEO0118 and for the different applied negative pressures were
within the time interval of 30-60 min (onset of action), being
largest for the strongest negative pressures and smallest for the
largest doses (P < 0.01 versus control group). The onset of ac-
tion of the slow-release formulation used in this experiment
was delayed compared with a solution (high free concentration)
where efficacy starts very quickly, often within 1 min but at
the expense of a shorter duration of action (data not shown).
Figure 4 shows the development of raw GG EMG activity in a
pig after administration of 10 mg of AVE0118 to each nostril.
No inhibition of collapse was observed within the testing period
of 240 min for the vehicle group for any level of negative pres-
sure. A similar dose-dependency as for the ‘time till inhibition
of UA collapse’ was observed for the medians of the *duration
of inhibition of collapse’ (duration of action) for the different
dose groups of AVEO118 being statistically significantly differ-
ent from the vehicle group (P <0.01).

The mechanoreceptor activation threshold required to elicit
visible GG EMG activity from total inactivity during trache-
al breathing was significantly shifted to more positive values
after AVEO118 at all three doses used (P < 0.001 versus con-
trol group) (Figure 3), indicating a sensitization of the reflex,
whereas it showed a slight decrease toward more negative val-
ues in the control group over the time course of the experiment.
At 3 mg, 2 h after administration of AVEO118 as an example,
the mechanoreceptor threshold had risen from a value of -22 +
3.4 mbar at baseline to -4 + 1.9 mbar (mean + standard error of
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Figure 3—Effect of nasal administration of AVE0118 given at time point 0 min on upper airway collapsibility at different levels of negative pressure and
on the mechanoreceptor activation pressure threshold (right lower panel) in anesthetized pigs. Percentages of pigs (n = 6 per group) with collapse or
mechanosensor activation thresholds (mbar) are given for vehicle (control), 1, 3, and 10 mg per nostril of AVE0118. Results for mechanoreceptor threshold
after AVE0118 are significantly different versus vehicle for all doses and timepoints (P < 0.001). Results for collapsibility are significant versus vehicle group
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the mean; n = 6) and remained more or less at this level for the
entire time period from 60-180 min. The curves for the 3-mg
and the 10-mg dose curves were almost superimposable. The
1-mg dose only showed a slightly weaker effect compared with
the 3-mg and 10-mg dose.

Influence of Local Anesthesia on AVE0118 Effects

Topical administration of lidocaine to the UA, which was
performed after the first demonstration of full inhibition of col-
lapsibility by AVE0118, abolished any GG EMG activity, even
during the negative pressure challenges where EMG activity
is otherwise very high (n = 3). Consequently, collapsibility in-
hibited by AVE0118 returned after lidocaine, whereas in the
experiment described previously, the effect of AVEO118 alone
persisted for more than 4 h. Figure 5 shows an original tracing
of the effect of lidocaine in a pig.

Pharmacologic Validation of the Model
Naloxone (40 pg/kg intravenously; n = 3) and acetazolamide
(3 mg/kg intravenous bolus plus infusion of 6 mg/kg in 2 h,
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n = 3) did not inhibit collapsibility, although in some cases
transient and moderate increases in GG EMG activity were ob-
served. Fluoxetine (0.5 and 1 mg/kg intravenously; n = 3 per
dose) showed a dose-dependent incomplete inhibition of col-
lapsibility. Collapsibility at 1 mg/kg at -150 mbar was inhibited
in one of three pigs at a single timepoint only, whereas at -50
and -100 mbar collapsibility was inhibited for approximately
30 min only in all pigs. After 3 h collapsibility had fully re-
turned. The effect of 0.5 mg/kg fluoxetine was weaker. The
effects of paroxetine (1 mg/kg intravenously; n = 3) and mir-
tazepine (1 mg/kg intravenously; n = 3) were quite weak in that
they inhibited only the -50 mbar negative pressure challenge
and even this effect was short-lasting. The effects of fluoxetine,
mirtazepine, and paroxetine are shown in Figure 6.

DISCUSSION

In this article we demonstrate a new potential drug for the
treatment of OSA, which we characterized in a newly devel-
oped pharmacological pig model for OSA. The potassium chan-
nel blocker AVEO118 given via nasal administration sensitized
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and amplified the NPR as indicated by a shift of the threshold to
much higher pressures. Given as a slow-release formulation it
showed a complete inhibition of UA collapsibility at 10 mg per
nostril for more than 4 h, showing its potential for the treatment
of OSA. Topical administration of lidocaine to the UA abol-
ished the effect of AVE0118 in accordance with its peripheral
mode of action. Collapsibility returned a few min after lidocaine
administration when GG EMG had disappeared. To determine
the reliability of the new model in discriminating pharmaco-
logical effects we used it to test five other drugs for which
clinical results from patients with OSA have been published.
This comparison is important for the appraisal of the efficacy
of AVEO118 in our model with respect to its potential predic-
tive value for clinical efficacy. There was good concordance
between clinical data and our experimental results. Fluoxetine,
the most potent of those drugs tested, showed moderate efficacy
in this model in keeping with previous clinical study data."" The
other drugs were ineffective or weakly effective in our model.
The target of this new pharmacological principle is the NPR,
an important mechanism for UA patency.'*'>'® Sensitization of
the NPR by AVEO118 in our experiments was indeed indicated
by a shift of the mechanoreceptor threshold to less negative
pressures that were needed to elicit GG EMG activity from a to-
tal inactivity level in tracheal breathing. The fundamental idea
behind this new pharmacological concept was that the NPR
could be topically activated by an appropriate pharmacologi-
cal principle (e.g., by inhibition of certain potassium channels)
because it can be topically inhibited by local anesthetic agents

(i.e., by sodium channel blockers) applied to the UA. Negative
pressure-sensitive mechanoreceptors located in the mucosa of
the UA are highly sensitive to even small changes in negative
pressure. The importance of the NPR for UA patency can also
be judged from our experiments where administration of lido-
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Figure 4—Tracing illustrating the development of raw genioglossus
(GG) electromyogram (EMG) activity in a pig after administration of 10
mg of AVE0118 to each nostril (vertical arrow). The onset of action of
the nasal formulation is delayed by approximately 30 min in line with the
onset of inhibition of collapsibility (see Figure 3). EMG activity is given
in arbitrary units.
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Figure 5—Tracings illustrating the effect of topical upper airway (UA) anesthesia with lidocaine in a pig that had received nasal AVE0118, 10 mg per nostril.
Before lidocaine genioglossus (GG) electromyogram (EMG) activity was present and collapsibility was inhibited by AVE0118 during application of -100 and
-150 mbar negative pressure (left tracings, labeled by a black line). Approximately 5 min after lidocaine administration (vertical arrow) GG EMG activity
disappeared and collapsibility returned at negative pressure challenges of -50 and -100 mbar labeled by a black line (right tracings). Note that inspiratory
tracheal pressure became more negative after lidocaine administration after GG EMG activity had disappeared (from -5 mbar to -9 mbar) and that even during
application of negative pressure GG EMG activity does not appear any more. Airflow measurement is interrupted during the nasal application of lidocaine.
EMG activity is given in arbitrary units, tracheal pressure in mbar, and airflow in mL/sec.
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Figure 6—Effect of fluoxetine at 0.5 and 1 mg/kg, and mirtazepine and paroxetine at 1 mg/kg on upper airway collapsibility at different levels of negative
pressure in anesthetized pigs. Percentage of pigs with collapse is shown (n = 3 for each drug and dose).
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caine abolished any GG EMG activity, even during the negative
pressure challenges where it is otherwise very high. Sodium
channel blockers inhibit neuronal activity, whereas potassium
channel blockers increase neuronal activity by effects on the
resting membrane potential (depolarization toward the fir-
ing threshold) or on repolarization.'® The expectation was that
topical application of an appropriate potassium channel blocker
such as AVEO118'” would sensitize and amplify the negative
pressure reflex to increase UA dilating activity so as to prevent
UA collapsibility.

This UA collapsibility model in anesthetized, spontaneously
breathing pigs is based on the fact that application of strong
negative pressure causes UA occlusion and that pharmacologi-
cal stimulation of UA dilating muscle activity can keep the UA
patent during this negative pressure challenge, at least during
the inspiratory phase. It was a major challenge to find an an-
esthetic procedure that maintains UA muscle activity and the
NPR activity in general anesthesia, which was a necessity in
our investigations. This is because most anesthetic agents cause
deep UA muscle relaxation with a total disappearance of the
NPR, which means that no GG EMG activity appears even in
response to strong negative pressures. The anesthetic procedure
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in which UA reflexes were almost fully intact in our pigs used a
mixture of a-chloralose and urethane. In the literature UA col-
lapsibility has been mainly investigated under passive condi-
tions in the absence of muscle tone. In other articles it is unclear
whether the NPR was still intact in anesthesia. In one of those
publications the authors used pentobarbital in spontaneously
breathing dogs and measured the influence of hypercapnia and
hypoxia on UA collapsibility, which was judged from pressure-
flow relationships at negative pressures above -10 mbar.” In
pigs, in our hands, pentobarbital abolished any GG EMG activ-
ity, including the increases caused by strong negative pressures.
Heavily anesthetized dogs were used to assess UA airway me-
chanics after selective electrical hypoglossal nerve stimula-
tion,” which means that the negative pressure was abolished
but the UA muscles were stimulated. We used the pig because
it is closer to the human situation with regard to UA size and
physiology than any other laboratory animal species including
rats, rabbits, and dogs. Nevertheless, those articles and others*!
were quite valuable for the development of our new method in
the pig.”!

Although stimulation of GG EMG activity after administra-
tion of nasal solutions of AVEO118 could be seen, quantifica-
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tion of these effects turned out to be difficult because baseline
EMG activity was strongly variable, probably due to a thresh-
old effect, that seemed to depend on the anesthetic depth and
could not be controlled to an extent that would be necessary
for reliably measuring baseline GG EMG activity. Moreover,
measurement of GG EMG activity does not answer the question
as to whether a certain extent of activation is sufficient to keep
the UA patent in a critical situation or following a challenge.
By contrast, the collapsibility model showed highly reproduc-
ible results independent on the baseline GG EMG activity be-
fore AVE0118 administration. To cause UA collapses we used
strong negative pressures of -50 mbar to -150 mbar. These nega-
tive pressures were continuously applied during the inspiratory
phase and the expiratory phase, in which, physiologically, UA
pressure becomes positive, so that the UA always collapsed in
the expiratory phase while in the inspiratory phase it was open
or closed depending on UA dilating muscle activity. Practical-
ly, we assessed whether the UA would open in the inspiratory
phase after expiratory closure. Opening of the collapsed UA
against such negative pressures is probably more difficult than
keeping the UA open against physiological negative inspiratory
pressure of, e.g., -8 mbar. However, large intrathoracic nega-
tive pressures of approximately -100 mbar have been reported
during obstructive apneas.?> The strong negative pressure used
by us caused a strong collapsing force but at the same time a
vigorous activation of the NPR.

We also used negative pressures of -20 mbar, which caused
an UA collapse in most pigs, but the judgement of whether
the UA was open or collapsed was more difficult and not al-
ways reliable. The application of three different negative pres-
sure levels of -50, -100, and -150 mbar allowed recognition of
graduated responses so as to even identify drugs with weak to
moderate experimental (and clinical) efficacy.>"' Fluoxetine,
the most potent drug other than AVE0118, hardly reduced col-
lapsibility at the lowest negative pressure of -150 mbar but at
-50 and -100 mbar although for a short time only. Paroxetine
and mirtazepine only reduced collapsibility for the -50 mbar
negative pressure challenge for a short time interval. Acetazol-
amide (acute experiment with 2-h duration) and naloxone did
not reduce collapsibility with even the weakest negative pres-
sure challenge, although with naloxone occasionally and tran-
siently signs of increased GG EMG activity could be seen. Our
acute experiment with acetazolamide does not exclude a pos-
sible effect of chronic administration on UA dilating muscle
activity by development of a metabolic acidosis.

AVEO0118 sensitized and amplified the NPR as indicated by a
shift of the threshold to much higher pressures. The thresholds
taken from this negative pressure challenge test are obviously
much lower—more negative—than those physiologically present
during nasal breathing. After switching from nasal to tracheal
breathing GG EMG activity disappeared completely and it re-
appeared with resumption of normal nasal breathing with mini-
mal inspiratory pressures being between -6 and -9 mbar. This
indicates that the true threshold must have been above -9 mbar.
The threshold measured with the negative pressure challenges
were much lower (group means between -25 and -19 mbar)
under control conditions. This could be due to the continuous
application of negative pressure through the entire respiratory
cycle, including the expiratory phase where pressure during

SLEEP, Vol. 36, No. 5, 2013

nasal breathing is otherwise positive. Thus, negative pressure
mechanoreceptors may be depolarized in the expiratory phase,
too, with negative consequences for recovery and restoration
of excitability. This could have reduced the number of func-
tional mechanosensors in the subsequent inspiratory phase so
as to lower the activation threshold. Nevertheless, the fact that
AVEO0118 raised the activation threshold from approximately
-25 mbar to approximately -5 mbar indicates a sensitization of
mechanoreceptors. Unlike the collapsibility test this test for the
mechanoreceptor response threshold is not a quantitative or a
functional test for the concerted UA dilating muscle activity but
a detection of a threshold for the activation of the GG muscle.

Inspiratory GG muscle activation may occur as a reflex to
negative airway pressure and by a central drive.?’ In humans
during sleep, GG activity was found in the absence of negative
UA pressure, suggesting the existence of efficient central GG
activation.?! By contrast, in our pig model, GG activity disap-
peared in the absence of UA negative pressure during tracheal
breathing. It is likely that in the absence of negative UA pres-
sure in our pigs, anesthesia (compared with sleep) had reduced
central GG activation to an extent that it was not able to gen-
erate GG activity alone, implying that the NPR was the main
mechanism of GG activation. However, this does not exclude
the existence of a central GG drive even in our pig model, as
rhythmic inspiratory GG activity was present during the nega-
tive pressure challenges over a few breaths, although negative
pressure was applied during the entire respiratory cycle includ-
ing the expiratory phase. We presume that in the absence of
negative UA pressure, anesthesia reduced central GG activation
to an extent that it was not able to generate GG activity alone,
implying the existence of a threshold for hypoglossal motoneu-
ron activation.

Our new model has some limitations. General anesthesia and
healthy animals are used, tonic expiratory UA dilating muscle
activity is not considered, and challenges to induce collaps-
ibility are nonphysiological. A further limitation is that it does
not consider the chronic situation of a patient with OSA with
tissue changes and possible changes in innervation by chronic
snoring and distensions. A new OSA model in sleeping cats has
been published recently but results with drugs have not been re-
ported.?® Although this model has the advantage of being more
clinically related, training of the animals to the procedures and
surgery is quite time consuming, thus probably limiting the
number of possible investigations. Our acute pig model was
designed for pharmacological purposes and thus offers an at-
tractive throughput. We believe that it is a significant contri-
bution to the search for effective anti-OSA drugs, showing a
good concordance between clinical data and our experimental
results, with most drugs being ineffective or only moderately
effective (fluoxetine). It also has the capacity to identify drugs
with moderate efficacy such as fluoxetine. From the compounds
tested in this article AVEO118 administered nasally was the
most potent drug.

In summary, we present a new pharmacological model for
the investigation of the potential of drugs against OSA in spon-
taneously breathing urethane-o-chloralose anesthetized pigs
that is based on UA collapsibility induced by application of
strong negative pressures. In this model we investigated a new
effective pharmacological principle, which is based on a phar-
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macological sensitization of UA mechanoreceptors for negative
pressure. By topical administration to the UA, potassium chan-
nel blocker AVEO118 demonstrated its potential to treat OSA
by sensitizing the mechanoreceptor reflex and abolishing UA
collapsibility for more than 4 h.
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ABBREVIATIONS
AHI, apnea hypopnea index
AU, arbitrary units
CPAP, continuous positive airway pressure treatment
ECQG, electrocardiogram
EMG, electromyogram
GG, genioglossus
h, hour(s)
mL, milliliter(s)
min, minute(s)
NPR, negative pressure reflex
OSA, obstructive sleep apnea
sec, second(s)
UA, upper airway
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