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Figure 4-2 | Sample data from three weeks after intramuscular injections in an animal
where light-evoked upper airway muscle contraction and airway dilation was observed.
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stimulation, orange dashed lines), stimulation only (red dashed lines), and ‘in-phase’ stimulation
(i.e. stimulation and inspiration, purple dashed lines) are indicated. (B) Light stimulation
produces laterally dominant airway dilation (red), which persists when light stimulation is
applied in phase with inspiration. (C) Airway dilation is strongest in the caudal/posterior region
of the tongue rather than the rostral/anterior region where the mid-axial plane is located.......... 97
Figure 4-3 | Light-evoked airway dilation following intramuscular injections of an
optogenetics construct . (A) At three weeks, two animals (green) displayed light-evoked
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(grey) did not display any light-evoked muscle contractions (B) The animals that displayed
light-evoked airway dilation at three weeks maintained these responses until ~ 8 to 10 weeks
after injections. At this time, light-evoked muscle contractions weakened and airway dilation
was not visible in an axial Plane. ... 98
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when functional responses to light are present three weeks after injections, they persist,
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12 weeks after injection, contraction strength has declined further, and airway dilation is no
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longer visible. In all panels, dashed lines indicate the dorsal surface of the tongue during
expiration (yellow), inspiration (no stimulation, orange), stimulation only (red), and in-phase
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suture points for securing the PCB within the tongue are included. (C) Implantable optical fibre

for the delivery of visible light from an external source to the tongue. Two suture points are
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Figure 5-2 | Ventral surface of a rat tongue. Four intramuscular injection locations are
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Figure 5-4 | Head stage set up for Pilot 1 and Pilot 2 A) Approximate locations for screws,
pedestals, and the transcutaneous pocket for electrode slack storage. B) Two diaphragm EMG
(diaEMG) electrodes, two genioglossus EMG (ggEMG) electrodes, two EEG electrodes, and
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Chapter 1 INTRODUCTION AND LITERATURE REVIEW

Obstructive sleep apnoea (OSA) is a chronic, sleep-related breathing disorder characterised by
repeated airway narrowing and/or collapse during sleep. Currently, nearly 1 billion adults
worldwide (~ 1/7 of the population) have OSA. Diagnosis is nearly twice as high in men as in
women (25% versus 13%), and those over 50 years old are more than three times more likely to
be diagnosed than those under 50 years (39% versus 12%) [1]. Despite the increasing
prevalence of OSA in our aging and overweight population [2, 3] and the significant clinical,
social and economic consequences [4], therapeutic options remain suboptimal. The ‘gold-
standard’ therapy, Continuous Positive Airway Pressure (CPAP) devices, are efficacious but
poorly tolerated, with between 46 and 83% of patients reported as non-adherent [5]. Second-line
treatments such as mandibular advancement splints, upper airway surgeries, and hypoglossal
nerve stimulators have superior adherence but variable and unpredictable efficacy [3, 6-8].

To address this gap, this thesis describes proof-of-concept studies for a proposed novel,
minimally invasive optogenetics-based muscle stimulation therapy that aims to combat
inadequate upper airway muscle activity, which, combined with anatomical risk factors, is a
significant contributor to OSA [9-11]. Patients will receive local intramuscular injections into
specific upper airway muscles of a viral vector construct to induce light sensitivity. An oral
appliance worn during sleep will detect inspiration onset and, in response, will apply light
stimulation to the targeted muscle(s) to induce contractions and airway dilation. The proposed
therapy will be significantly less invasive than existing options (e.g. upper airway surgeries and
hypoglossal nerve stimulators) and will achieve greater patient adherence than CPAP. Due to
optogenetics' high spatial and temporal specificity, the proposed therapy could target the
patient-specific site of airway collapse and allows temporally precise feedback-driven, ‘closed-
loop’ control of muscle stimulation titrated to individual requirements and/or adapted
throughout the night, potentially overcoming limitations of existing and proposed muscle
stimulation therapies for OSA, including hypoglossal nerve stimulators [6, 12-14] and

chemogenic [15, 16] approaches.

This thesis encompasses early pre-clinical studies for the proposed therapy, focusing on
optimising opsin expression for effective light-evoked upper airway muscle contractions and
airway dilation. This literature review will cover several topics. First, the role upper airway
muscles play in respiration and the primary differences between rodent and human upper airway
anatomy and physiology. Second, OSA pathophysiology, current therapeutic options for OSA

patients, rodent models of OSA and methods of quantifying upper airway function will be



described. Third, the review will describe the primary elements of the proposed therapy,
specifically opsins and optogenetics, adeno-associated viral vectors, and how they can be
optimised to generate functional light-evoked responses. Potential challenges to clinical
translation will also be described, including immune responses and technological changes for
light delivery to skeletal muscle. Finally, the current status of optogenetics for direct and

indirect optogenetic stimulation of skeletal muscle will be discussed.

1.1 BREATHING AND THE UPPER AIRWAY

Inspiration during quiet breathing is an unconscious process initiated by the primary respiratory
muscles. The main contributor, the diaphragm, contracts and flattens (the centre moves
caudally, and the edges move rostrally), expanding the thoracic cavity. This expansion is aided
by the contraction of the external intercostal muscles that move the ribs caudally and laterally
(Figure 1-1). The resultant pressure gradient between the thoracic cavity and the atmosphere
generates a vacuum, drawing air into the lungs. In contrast, expiration during quiet breathing is
passive. The elasticity of the lung tissue causes recoil, and primary respiratory muscle relaxation
returns the thoracic cavity to its original volume, increasing intrapulmonary pressure and

driving movement of air out of the system [17].

The upper airway extends from the anterior nares (nostrils) and the oral cavity to the glottis and
can be divided into four anatomical regions; the nasal cavity, the oral cavity, the pharynx, and
the larynx. The pharynx or pharyngeal airway can be further divided into three regions; the
nasopharynx, oropharynx and laryngopharynx (also referred to as the hypopharynx, Figure 1-1).
The nasopharynx is the most rostral portion of the pharynx and lies between the cranium base
and the soft palate, posterior to the nasal cavity [18, 19]. The nasopharynx can be divided into
the nasopharynx and the velopharynx (also known as the retropalatal oropharynx). The latter is
the inferior portion of the initially described nasopharynx, lies between the hard and soft palates
[20, 21], and is commonly isolated when referring to obstructive sleep apnoea (OSA) as it is a
common site of airway collapse [22-24]. The oropharynx is posterior to the oral cavity, between
the soft palate and the pharyngoepiglottic fold (bilateral mucus membranes that extend from the
tongue base to the epiglottis). The laryngopharynx sits caudal to the epiglottis, extending to the
upper oesophageal sphincter [18, 19].

Following much of the literature in respiratory and sleep medicine, this thesis will use ‘upper
airway’ interchangeably with ‘pharynx’ and ‘pharyngeal region’. This is primarily due to the
region's importance in sleep apnoea diagnosis, resulting from its increased susceptibility to

collapse during inspiration.



1.1.1 Upper airway muscles

The pharynx contains 24 muscles that receive complex and synchronised activity patterns from
motor neurons [21, 25, 26], although the details of their control and actions are incompletely
understood. This complexity translates to significant roles in tasks including speech, swallowing
and mastication, and loss of drive to these muscles and/or deviations from the precisely
synchronised activation patterns can lead to disorders such as dysarthria [27], dysphasia[28],
and OSA [11]. For respiration, the primary role of these muscles is to maintain pharyngeal
airway patency. Due to a lack of rigid supports, the pharynx is significantly more compliant and
collapsible than the nasal cavity and the larynx. The primary respiratory muscles generate
negative intrapulmonary pressure in the thoracic cavity during inspiration, drawing air into the
upper airway. Without pharyngeal muscle activation, the upper airway is at risk of collapse in
the face of large inspiratory (i.e. negative) pressure swings [11, 29]. The upper airway muscles
can be divided into four groups based on the ‘macro’ structures they primarily control i.e. the
tongue, soft palate, hyoid bone, and pharyngeal walls [21]. However, some muscles contribute

to the position of more than one macrostructure.
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Figure 1-1 | Structures of the respiratory system. Primary respiratory muscle (diaphragm and external
intercostal muscles) contractions induce inspiration (purple arrows), and the upper airway muscles
maintain pharyngeal patency.



1.1.1.1 Tongue muscles

The tongue is an entirely muscular organ, critical for speech, swallowing and respiration. It is
separated medially by the lingual septum and is composed of at least eight complex muscles
[26]. Each muscle receives highly synchronised activation patterns from motor neurons [30-32],
is composed of uniquely orientated myofibres and, in some regions of the tongue, profoundly
interdigitated. The tongue can be elevated or depressed, shortened or elongated, retracted or
protruded and/or articulated, i.e. dorsoflexion (tongue tip curled superiorly), ventroflexion
(tongue tip curled inferiorly) or retroflexion (simultaneous tongue base elevation and tongue
body depression) [26, 33]. As a muscular hydrostat, i.e. the tongue’s biomechanics are more
akin to a hydraulic system rather than a mechanical lever as per most of the skeletal system, a
constant muscle volume is maintained [34]. When isolated longitudinal muscle fibres contract,
the tongue will shorten and widen, with some increase in thickness. When isolated fibres in the
cross-sectional plane contract, the tongue will flatten and elongate. When both groups co-
contract, the tongue will adopt a certain rigidity [34]. Currently, the contributions of individual
muscles to gross tongue movement remain poorly understood, and hypotheses are largely
assumptions based on anatomical arrangement and extrapolations from animal experiments
[26]. What is agreed on is that gross movements are produced by the coordinated activation of

several individual muscles acting as agonists, antagonists and stabilisers. [26, 30, 33, 35].

The muscles of the tongue can be classified based on origin (extrinsic and intrinsic) and
functionality (retractors and protruders). Extrinsic muscles have a bony origin, i.e. the mandible,
hyoid bone or styloid process, and insert into the tongue body. These muscles include the
genioglossus, hyoglossus, styloglossus and palatoglossus and typically alter tongue position.
Intrinsic muscles originate and terminate within the tongue and primarily contribute to the
tongue shape and assist in protrusion and retraction. Intrinsic muscles include the inferior and
superior longitudinal muscles and the vertical and transverse muscles [26, 33]. The
functionality-based divisions are ‘retractors’, i.e. those that draw the tongue posteriorly towards
the posterior pharyngeal wall and therefore reduce upper airway lumen, and ‘protruders’, i.e.
those that draw the tongue forward and out of the mouth and therefore increase upper airway
lumen. Retractors include the hyoglossus, styloglossus and intrinsic inferior and superior
longitudinal muscles. Protruders include the genioglossus, vertical and transverse muscles.
These functional classifications represent oversimplifications of each muscles contribution to

tongue movement and airway dilation [26, 36, 37].
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Figure 1-2 | Muscles of the human tongue and upper airway. (A) Muscles of the human tongue and
upper airway have highly complex and interwoven fibres; superior longitudinal (SL), hyoglossus (HG),
transverse (T), genioglossus (GG), vertical (V), geniohyoid (GH), styloglossus (SG), inferior longitudinal
(IL), mylohyoid (MH), digastric (DG), combined longitudinal (CL — where IL, HG and SG merge) (R.
Lloyd, unpublished). (B) Several upper airway muscles control the tongue position (orange highlight), the
soft palate position (blue highlight), the hyoid position (green highlight) and the posterior pharyngeal
walls (yellow highlight) [38]. During inspiration, they collectively maintain upper airway patency.

The genioglossus is the largest and most studied muscle in the human tongue and the upper
airway (Figure 1-2)[31, 39-41]. Genioglossus fascicles originate at the midline of the inner
mandible and fan out in a 90° arc. The muscle is divided into two neuromuscular compartments
separated by a thin layer of connective tissue. The horizontal genioglossus is located inferiorly
and its fascicles course posteriorly from the mandible to insert into the hyoid bone or the
connective tissue above [26, 30]. The oblique compartment has muscle fascicles fanning out
from the mandible, extending through the bulk of the tongue and inserting into the dorsum, with
fascicles at the centre of the tongue passing between transverse and superior longitudinal muscle
fascicles [26, 30]. The fascicles that insert into the posterior dorsum, like those of the horizontal
compartment, contribute to tongue protrusion by drawing the posterior tongue anteriorly during
inspiration [42-44]. The more vertically oriented fibres may induce tongue depression, the more
anterior fibres may contribute to ventroflexion and tongue tip retrusion, and the fascicles that
insert into the midline of the dorsum midline may contribute to creating a concave superior

tongue surface, a feature essential for speech and swallowing [26, 35].

The styloglossus (Figure 1-2) is the most lateral tongue muscle, and originates at the styloid
process of the temporal bone, descends anteriorly, and inserts into the tongue's side. Separate
bundles of fascicles pass through or merge with other longitudinally oriented muscles, including
the hyoglossus and inferior longitudinal [26, 45]. The hyoglossus (Figure 1-2) originates at the
hyoid bone, inserts into the posterior tongue, and is bordered by the genioglossus and inferior
longitudinal muscles medially and the stylogossus laterally. In different tongue regions, the
hyoglossus appears continuous with and virtually indistinguishable from the styloglossus, the
transverse and genioglossus muscles [26, 45]. The styloglossus and hyoglossus contribute to
tongue retrusion and elevation or depression, respectively [26]. At least three smaller extrinsic
muscles also insert into the tongue; the palatoglossus (which also contributes to soft palate
position, described below), glossopharyngeus and chondroglossus. These are not thought to

contribute significantly to tongue movement and are often not included in tongue models [26].

Intrinsic tongue muscles are widely thought to contribute to tongue shape rather than position.
This contrasts with the muscular hydrostat theory, which supports the constant interaction of

intrinsic and extrinsic muscles in all tongue movements [34]. Moreover, there is increasing



evidence for their respiratory-modulated activation under certain stimuli [32, 46]. The superior
longitudinal muscle, the only unpaired muscle, sits below the superior dorsum, spans the length
of the tongue, and is well-defined by a thin layer of connective tissue (Figure 1-2). It appears as
a ‘muscular sheet’ of longitudinally and obliquely oriented fascicles, through which vertically
oriented fascicles of other muscles pass to terminate at the dorsum [26, 47]. The paired inferior
longitudinal similarly spans the length of the tongue (Figure 1-2). It originates near the tongue
base, travels anteriorly with other longitudinally oriented muscles (e.g. genioglossus,
hyoglossus and styloglossus), and ascends to the tongue apex [26, 47]. Like the genioglossus,
the inferior longitudinal muscle is divided into two compartments arranged in parallel (lateral
and medial)[30]. Contractions of both longitudinal muscles contribute to tongue shortening. The
superior longitudinal additionally contribute to tongue tip curling (dorsiflexion), and the inferior

contributes to retroflexion of the tongue base [26].

The transverse muscle originates at the median septum and courses laterally, inserting into the
connective tissue overlying the longitudinally oriented muscles (Figure 1-2). The vertical
muscle fascicles originate at this connective tissue and extend almost vertically, intersecting the
transverse fascicles and terminating at the dorsum (Figure 1-2). Vertical muscle fascicles can
appear as a continuation of the genioglossus in the medial third of the tongue. The transverse
and vertical muscles contribute to tongue narrowing and flattening, elongating the tongue [26,
47].

1.1.1.2 Palatal muscles

The soft palate is a flap of muscular tissue attached to the posterior region of the hard palate.
The palatal muscles control the channel between the oral cavity and the nasopharynx and
determine the route of respiration (oral versus nasal) [48]. Despite the importance of the soft
palate, the exact movements and the roles of the muscles in performing these movements

remains poorly understood [21].

The position of the soft palate is determined by five paired muscles, the levator veli palatini,
tensor veli palatini, palatoglossus, palatopharyngeus, and musculus uvula. All palatal muscles
attach to the palatine aponeurosis, a thin, firm and fibrous lamella that supports the muscles and
provides strength to the soft palate. The levator veli palatini (a thick rounded muscle) and the
tensor veli palatini (a broad, thin muscle) originate at the temporal and sphenoid bones,
respectively. During oral breathing, levator veli palatini contractions produce soft palate
elevation and nasopharynx constriction [49]. In contrast, tensor veli palatini contractions stiffen

the soft palate and facilitate nasal ventilation [49, 50].



The paired palatoglossus muscles (Figure 1-2B, also an extrinsic tongue muscle) appear
continuous and form the palatoglossal arch. From the palatine aponeurosis, the muscles descend
anteriorly, insert into the side of the tongue, and the myofibres spread over the dorsum or
intertwine with transverse muscle fibres. Similarly, the palatopharyngeus forms the
palatopharyngeal arch, descends posterolaterally down the pharyngeal wall, and terminates at
the thyroid cartilage. During nasal breathing, contractions of both muscles pull the soft palate
inferiorly, occluding the oropharynx and opening the nasopharynx [21, 49, 51]. The
palatoglossus also contributes to tongue elevation and pulls it posteriorly, and the
palatopharyngeus potentially contributes to pharyngeal wall elevation [21]. Finally, the
musculus uvulae form the bulk of the uvula, and contractions result in uvular broadening and

shortening [21].

1.1.1.3 Hyoid muscles

The hyoid bone is horse-shoe shaped, is located at the midline of the anterior neck and, unlike
other bones, is solely anchored by muscles (Figure 1-2). The hyoid bone is vital to several
physiological functions, including breathing, swallowing and sleep, and provides attachment
sites for the muscles that form the floor of the mouth, the tongue, the larynx, the epiglottis and
the pharynx. Seven paired muscles, i.e. the geniohyoid, mylohyoid, stylohyoid, digastric,
thyrohyoid, sternohyoid, and omohyoid, attach to and control the position of the hyoid bone.
During inspiration, these muscles aim to pull the hyoid anteriorly and caudally to dilate the

airway [21].

The mylohyoid and geniohyoid run between the hyoid bone and the mandible. The mylohyoid is
a thin, flat muscle that forms the oral cavity floor, and the geniohyoid is more medial and sits
between the genioglossus and mylohyoid (Figure 1-2). The digastric muscle has two
independent muscular bellies that connect to the hyoid bone via an intermediate tendon and its
fibrous sling (Figure 1-2). The anterior belly connects to the mandible, and the posterior
connects to the mastoid process of the temporal bone. The contraction of these three muscles
elevates the hyoid. The digastric and geniohyoid also contribute to the mandible depression, and

the mylohyoid elevates the floor of the mouth [21].

The stylohyoid is a thin muscle that sits superior and anterior to the posterior digastric and runs
between the hyoid and the styloid process of the temporal bones (Figure 1-2B). Stylohyoid

contraction pulls the hyoid posteriorly and superiorly for the initiation of swallowing [21].

Finally, the thyrohyoid, sternohyoid and omohyoid are inferior to the hyoid and run between the

hyoid and the thyroid cartilage, sternum and scapula, respectively. The omohyoid, like the



digastric, has two bellies, a superior and an inferior, separated by an intermediate tendon. The
superior belly, along with the sternohyoid and the thyrohyoid, predominantly depresses the

hyoid bone and, like the stylohyoid, plays an active role in swallowing [21].

1.1.1.4 Pharyngeal muscles

Three circularly oriented muscles, the superior, middle and inferior pharyngeal constrictors,
form a ‘muscular sleeve’, known as the outer posterior pharyngeal wall. The pharyngeal raphe,
a fibrous band that runs down the posterior wall, provides attachments and separates pairs of
constrictor muscles. However, significant individual variation is seen [52]. The superior
constrictor (Figure 1-2C) originates at the pterygoid hamulus, the pterygomandibular raphe and
the posterior end of the mandible mylohyoid line and inserts into the pharyngeal tubercle as well
as the pharyngeal raphe. The middle constrictor (Figure 1-2C) originates at the stylohyoid
ligament, and the greater and lesser horns of the hyoid bone and the inferior pharyngeal
constrictor is composed of two parts that originate at the thyroid cartilage and the cricoid
cartilage [53].

Fibres of the three pharyngeal constrictors blend and sometimes link to adjacent muscles [54].
Sequential contractions of the pharyngeal constrictors (superior to inferior) convey food bolus
downwards from the oral cavity to the oesophagus during and after swallowing. In addition to
bolus shifting, the pharyngeal constrictors may contribute to the prevention of pharyngeal
collapse by increasing the rigidity of the pharyngeal tube [55]. As the middle pharyngeal

constrictor attaches to the hyoid, it contributes to hyoid elevation [53].

1.1.2  Neural control

All tongue muscles, excluding the palatoglossus, are innervated by the hypoglossal nerve. This
is a largely motor nerve that originates at the hypoglossal nucleus in the ventral portion of the
medulla. Retrograde labelling studies have reported somatotopic organisation of motor neurons
within the hypoglossal motor nucleus, reflecting the anatomical and functional organisation of
tongue muscles in rodents [56-58] and non-human primates [59]. Hypoglossal axons then travel
caudally and dorsally towards the tongue. Upon initial entry at the ventrolateral aspect of the
posterior tongue, the hypoglossal nerve projects its first branch to the geniohyoid. It then
projects multiple lateral branches directly (Figure 1-3A) or via a short main trunk, which go on
to innervate longitudinally oriented muscle fibres that form the ‘cover layer’ of the tongue, i.e.
the styloglossus, hyoglossus, superior longitudinal and the lateral belly of the inferior
longitudinal [30, 56, 60]. After the lateral branches, the remaining medial hypoglossal nerve
continues anteriorly before splitting into branches that innervate the tongue’s ‘core’, i.e. the

genioglossus, the transverse and vertical muscles, and the medial belly of the inferior



longitudinal [30, 56, 60]. The only tongue muscle not innervated by the hypoglossal nerve is the
palatoglossus, which receives neural inputs from the superior branches of the glossopharyngeal
and vagus nerves [25]. The inferior and superior longitudinal muscles receive additional
innervation from the lingual nerve [30].
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Figure 1-3 | Neural innervation and drive to the tongue. (A) The hypoglossal motor neuron (XII)
divides into lateral branches (1-XI1) to innervate the styloglossus (SG), the superior longitudinal (SL),
medial region of the inferior longitudinal (IL) muscles of the tongue. The following medial branches (m-
XI1) innervate the oblique and horizontal compartments of the genioglossus (GGo, GGh), the transverse
and vertical (T/V), and the lateral IL muscles [30]. (B) The genioglossus receives six unique motor unit
discharge patterns during quiet breathing, indicated by the raw electromyography, instantaneous
discharge frequency plot and inspired volume plots [31].

As noted, most research investigating respiratory modulation of the upper airway muscles
focuses on the genioglossus. EMG recordings typically indicate that genioglossus muscle fibres
are recruited phasically immediately before and during inspiration to counteract intraluminal
negative pressures and are tonically recruited during expiration to maintain tongue position [61-
63]. Single motor unit studies suggest greater complexity, reporting up to six distinct motor unit
discharge patterns (Figure 1-3B). In a study of 110 genioglossus units, only 39.1% displayed
phasic inspiratory activity. 11.8% of the motor units exhibited inspiratory tonic activity
(continuous firing with increases during inspiration), 4.5% displayed expiratory phasic activity,
10.9% displayed expiratory tonic activity and 29.1% displayed tonic activity with no respiratory
modulation evident. The remaining 4.5% were classified as ‘tonic other’, indicating that
variation in firing rate was observed but was unrelated to respiration [31]. These proportions
vary somewhat between studies (e.g. [39, 64, 65]), but the existence of 6 patterns and the
dominance of inspiratory-related activity (phasic and tonic) is consistent. With sleep onset,
approximately 50% of genioglossus inspiratory units (phasic and tonic) cease activity, and those

that continue firing exhibit significant reductions. In contrast, tonic and expiratory units remain
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relatively unchanged [39]. Motor units have also been reported to shift between firing pattern
‘types’. Motor units that displayed tonic inspiratory firing patterns during wakefulness shifted to
phasic inspiratory firing patterns with sleep onset, whereas tonic units exhibited an increase in
drive [40]. The opposite shifts occur with arousal from sleep; phasic inspiratory units return to
tonic inspiratory patterns, and drive to tonic units declines [40]. Neural drive to the genioglossus
also varies with changes in sleep stage, with the lowest activity recorded during REM sleep
[66], and the onset of hypercapnia and hypoxia [61, 67]. There is also evidence of differing
drive to the two genioglossus compartments (oblique and horizontal) during specific tasks [41].

The profound interweaving of tongue muscles makes it technically challenging to identify and
isolate intrinsic and non-genioglossus extrinsic tongue muscles. As a result, few studies
investigate neural drive via EMG recording and muscle function is often extrapolated from
anatomical arrangement and/or animal research. Other extrinsic muscles, such as the hyoglossus
and styloglossus, have shown similar elevations in activity during inspiration [32, 60, 68]
whereas intrinsic muscles are often inactive during quiet breathing [32]. During hypercapnia,
drive increases to the muscles, and both extrinsic and intrinsic muscles are phasically active [32,
69]. Extrinsic and intrinsic muscles can have different activity patterns during tasks. With
increasing force generated during an impeded tongue protrusion, drive to the intrinsic muscles
proportionally increased whereas drive to the genioglossus remained constant, suggesting that
the intrinsic muscles play a greater role in generating protrusional forces [70]. Interestingly, in
rodents, retractor muscles (hyoglossus and styloglossus) generate up to ten times more force
than the genioglossus [69]. Electrical stimulation studies have reported that co-activation can
produce either a net retraction force [69, 71] or greater airway dilation, pharyngeal stiffening,
and/or airflow than achieved following the stimulation of a single muscle group

(intrinsic/extrinsic or protrudors/retractors) [37, 60, 72].

Excluding the tensor palatini, which is innervated by the trigeminal nerve, all palatal muscles
are innervated by the pharyngeal branch of the vagus nerve. Only a few studies have targeted
these muscles. The tensor palatini has shown a similar range of single motor unit types as
reported in the genioglossus but has a greater proportion of expiratory units (18% inspiratory
phasic, 25% inspiratory tonic, 21% expiratory phasic, 7% expiratory tonic, and 29% tonic
units). With sleep onset, significant expiratory and inspiratory motor unit de-recruitment occurs,
with expiratory phasic motor units virtually silenced. Conversely, tonic units (with no
respiratory modulation) receive constant drive [73]. Unlike the genioglossus, sleep stage
dependence is not evident [66]. The palatoglossus and levator veli palatini muscles alter their

activity with ‘route of respiration’. Palatoglossus activity is strong during nasal breathing
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(inspiratory phasic dominant), drawing the soft palate inferiorly to occlude the oropharynx and
open the nasopharynx. This activity is silenced when breathing shifts to oral [49], with 78%
fewer inspiratory phasic and 58% fewer inspiratory tonic motor units active. In contrast, the
levator palatini displays greater activity during oral breathing to elevate the soft palate, and
constrict the nasopharynx [49]. However, this activity is typically inconsistently present [74],

and patterns vary between individuals (inspiratory phasic versus expiratory phasic) [49].

The geniohyoid is innervated by the first hypoglossal motor nerve branches, and reports of
respiratory modulation during quiet breathing vary. Typically it is reported to have strong
inspiratory phasic activity during wakefulness, and the phasically active motor units remain
relatively constant with sleep onset, whereas tonically active units decline in activity [75, 76]. In
contrast, other studies have found that the geniohyoid displays predominantly tonic activity and
minimal respiratory-modulated, leading to the conclusion that the geniohyoid may not play an

active role in maintaining airway stability during quiet breathing [77].

Pharyngeal constrictors receive combined contributions from the glossopharyngeal and vagal
nerves via the pharyngeal plexus [53, 54]. They have been reported to have two distinct and
specialised layers of fibres, a slow twitch inner layer and a fast twitch outer layer, that receive
independent innervation from the glossopharyngeal and vagal nerves, respectively [53].
Sustained contraction of pharyngeal constrictors, particularly the slow inner layer, which
appears to be unique to ‘normal’ adult humans, is thought to produce pharyngeal wall stiffening
during respiration and shape the walls for speech. Conversely, the fast inner layer may play a
role during swallowing [53]. In general, the three constrictors display similar patterns of
activation. They display respiratory modulation during wakefulness [74, 78] and are activated to
generate specific sounds and to swallow [78, 79]. The superior pharyngeal constrictor displays
inconsistent expiratory phasic activation, and high inter- and intra-subject variability are
reported [74]. Activity is typically absent during NREM sleep and sporadic with no respiratory
modulation during REM sleep [78, 80].

Besides the genioglossus and perhaps the tensor palatini, limited conclusive data is available on
the activation of upper airway muscles during quiet breathing. Generally, while these muscles
display different activation patterns, they seem to have similar single motor unit types
(expiratory and inspiratory tonic and phasic, or tonic without respiratory modulation), and the
primary differences are in the proportion of these different motor units present in each muscle.
The upper airway muscles also seem to respond to stimuli in similar ways, i.e. the onset of sleep
seems to produce a universal reduction of overall muscle activity; however, how each muscle

achieves those global changes may differ.
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1.1.3 Rodent upper airway

Rodents make up approximately 95% of all laboratory animals. Their appeal stems from their
size, which facilitates accessible housing and maintenance, their short reproductive cycle and
lifespan, the ease of genetic manipulation and their genetic similarities to humans [81]. Their
popularity extends to investigations into the upper airway, despite the significant size and
postural differences. While humans have a curved tongue and a flexed pharynx (the
nasopharynx turns ~ 90°), the rodent tongue is comparatively flat, and the nasopharynx
comparatively straight, flexing only ~ 15° [20, 30]. Due to the olfactory dominance in rodents,
they have significantly more complex nasal passages [20, 82], and like all non-human
mammals, they have a high larynx with the epiglottis overlapping the soft palate. Consequently,
rodents are almost exclusively nasal breathers, and the connection between the soft palate and
epiglottis is only broken for vocalization and swallowing large boluses of food [83]. In humans,
where breathing is the dominant function of the nasal passages, the region is comparatively
simple, and more space between the epiglottis and soft palate allows both nasal and oral
breathing [20, 82].

Despite these gross differences, tongue musculature, neural innervation, and mechanical actions
are remarkably well conserved, and general structures are consistent across species. Eight
muscles divide into two structural groups; extrinsic muscles originating on bony structures
(genioglossus, hyoglossus, styloglossus and palatoglossus) and intrinsic muscles contained
within the tongue (superior and inferior longitudinal, transverse and vertical). In both species,
muscle fibres attributed to different muscles extensively intertwine within the tongue, and the
muscles are loosely classified as protrudors or retractors [26, 84, 85], with co-activation
stiffening and dilating the pharynx [36, 86]. Innervation is relatively conserved across species
with the medial and lateral branches of the hypoglossal motor nerve supplying all muscles [30,
85], and drive increases with hypercapnia, hypoxia [36, 67] and arousal from sleep [39, 40, 87].
Finally, both species display evidence of neuromuscular compartments, particularly within the

genioglossus [26, 56].

Despite these similarities, human tongue musculature and innervation are more complex.
Human neural innervation is more dense, the muscles have more variable motor end plate
morphologies, and there is a greater prevalence of neuromuscular compartmentalisation (in
humans, compartmentalisation is present in the genioglossus, superior and inferior longitudinal,
and transverse and vertical muscles) [30]. In rodents, the hypoglossal motor nerve divides into a
single medial and lateral branch before dividing further to innervate the muscles [85].

Conversely, in humans, the hypoglossal nerve has approximately 50 to 60 primary nerve
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branches along the length of the tongue [30]. While in both species, the medial hypoglossal
nerve supplies the genioglossus, transverse and vertical muscles, and the lateral supplies the
styloglossus and hyoglossus muscles, differences arise with the innervation of the superior and
inferior intrinsic muscles [30, 85]. In rodents, both are supplied by the lateral branch [85]. In
contrast, human inferior longitudinal muscles receive inputs from both the medial and lateral
branches (to the medial and lateral compartments of the inferior longitudinal muscle,
respectively), and the superior longitudinal muscles receive input from lateral branches [30].
Both receive additional input from the lingual nerve [30]. Finally, the human transverse and
vertical muscles are much larger, and innervation is more dense and complex than in other
mammalian tongues [26, 30, 84, 85]. Notably, many differences between human and rodent
tongues are associated with the general complexity and the intrinsic muscles that are thought to

be primarily responsible for tongue shape and speech [88].

1.1.4 Characterising upper airway function

In order to demonstrate the efficacy of the novel therapy for OSA proposed in this thesis, an
appropriate method of quantifying upper airway function must be used. Feasible methods
include pharyngeal critical closing pressure (Pcrit), electromyography (EMG), magnetic
resonance imaging (MRI) and ultrasound imaging. Each modality has its own pros and cons and

has utility in different applications.

1.1.4.1 Pharyngeal critical closing pressure

The “gold standard’ for quantifying upper airway collapsibility is the pharyngeal critical closing
pressure (Pcrit) approach. In humans, Pcrit is determined during sleep and requires a continuous
positive airway pressure (CPAP) device, more commonly used as a treatment for OSA. The
device applies multiple brief pressure reductions to the airway for at least five breaths to induce
airflow limitations and/or airway collapse. A pressure-flow relationship is calculated via linear
regression, and the pressure at which zero airflow occurs is referred to as the Pcrit value [66, 89,
90]. A negative Pcrit indicates the airway remains open even when negative pressures are
applied, and a positive Pcrit indicates the airway opens only when positive airway pressures are
applied. In other words, during sleep, individuals with a high Pcrit (values > 0-2 cmH,0) have
collapsible airways, and their muscles struggle to counter inspiratory-related negative pressures
[10, 11]. While this is an effective method of quantifying upper airway collapsibility, the
technique is invasive, labour-intensive and time-consuming. Consequently, alternatives have
been proposed, including a comparatively simple ‘upper airway collapsibility index’ test

conducted during wakefulness [91].
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Pcrit is also quantified in animals, and animals with high Pcrit values have been used as models
for obstructive sleep apnoea [92]. As in human studies, Pcrit measurements require invasive
instrumentation, including the implantation of cannulas via trachea incision and head-out

plethysmographs, and often end with animal euthanasia [92, 93].

1.1.4.2 Electromyography

EMG signals measure the electrical activity in a muscle during a mechanical action. It is a
complex signal generated by the innervating neuron(s) and depends on the muscle's anatomical
and physiological characteristics. EMG recordings obtained via surface electrodes are
composites of the action potentials generated in all motor units lying beneath. In contrast, EMG
signals obtained via wire or needle electrodes inserted directly in the muscle are more localised
and can be readily decomposed into single motor unit action potentials [31, 73, 77]. Single
motor unit action potentials' shapes and firing rates can improve understanding of muscle
control and neuromuscular disorders. EMG signals have elucidated the highly coordinated
neural control of upper airway muscles throughout the respiratory cycle [31, 73, 77] and during
speech, swallowing, and mastication [79]. They have also been used to describe how the drive
to these muscles varies with task [41], and how the loss of drive or deviations from the
synchronised activation patterns can lead to disorders such as dysphagia [94], dysarthria [27],
dysphasia [28], and OSA [11]. Finally, EMG signals have been used to provide evidence for

muscle stimulation therapies for disorders associated with upper airway dysfunction [16, 86].

The use of EMG as an indicator of muscle contraction can be challenged as EMG reflects neural
inputs rather than mechanical output and local activity at the EMG electrode location rather than
global activity. In the upper airway, this is compounded by the anatomical complexity of the
muscles [26, 84], as electrical activity recorded may not always correspond predictably to

muscle movement.

1.1.4.3 Magnetic resonance imaging

MRI is a non-invasive imaging technology that can produce static and dynamic, two-
dimensional and three-dimensional images. Briefly, powerful magnetic fields within the bore of
the scanner force randomly oriented paramagnetic atoms (typically hydrogen atoms or
‘protons’) into alignment. A rapidly repeating series of radiofrequency pulses then cause
‘excitation’ and ‘resonance’ of the protons. When a pulse dissipates, the protons relax and return
to realign with the magnetic field. During realignment, a radiofrequency signal is detected and

transformed into an image dependent on the tissue type-specific resonance characteristics.
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Two MRI protocols are typically used to quantify upper airway muscle function and airway
dilation in humans and rodents; mDixon and Tagged MRI sequences. mDixon protocols
produce high-contrast, static anatomical images for fat quantification and fat suppression by
exploiting the different resonance frequencies of fat and water in a homogeneous magnetic field.
In a gradient echo sequence, transverse magnetisation of fat and water particles begins
immediately after MR-induced proton excitation. At this time, soft tissue fat and water
components are ‘in phase’. Due to their different resonance frequencies, dephasing occurs at
different rates and depending on the type of scanner (i.e. magnet strength measured in Tesla),
they will be ‘out of phase’ (in opposition at 180°) at a precise time following initial excitation.
In Dixon protocols, images are acquired during the ‘in-phase’ and ‘out-of-phase’ conditions, so
‘water only’ images can be obtained via image summation, and ‘fat only’ images can be
obtained via image subtraction. Water-only images can be used for ‘fat suppression’, i.e.
reducing fat signals that can be intense in other MR sequences causing exaggerated motion
artefacts and reducing lesion visibility [95, 96]. In the upper airway, Dixon protocols have been
used to quantify intramuscular tongue fat in obese and non-obese rats [97] and explore the link
between tongue fat, airway dilation and obstructive sleep apnoea in humans [98, 99].

Dynamic images of the upper airway can be obtained via tagged MRI (also known as Spatial
Modulation of Magnetization, SPAMM), which uses a series of radio frequency and magnetic
field gradient pulses to generate an evenly spaced grid of dark lines or ‘tags’ on the targeted
tissue. These tags distort with tissue movement, and the resulting image series can be analysed
using the deforming grid lines as fiducial markers [100-102]. Tagged MR imaging has been
used extensively in the upper airway, aiding our understanding of upper airway biomechanics in
rats [97, 100, 103, 104] and humans [99, 105, 106], predicting treatment outcomes of
mandibular advancement splints in OSA patients [107-109] and quantifying tongue movement
during phonation [110, 111].

1.1.4.4 Ultrasound imaging

Like MR imaging, ultrasound is a non-invasive imaging technology that can produce static and
dynamic two-dimensional and three-dimensional images. Briefly, a transducer emits pulses of
ultrasound that propagate into the body. These pulses are scattered and reflected when they
encounter inhomogeneous tissue or impedance jumps at the transition between two tissue types
or structures. These events create returning waves or ‘echoes’ with different amplitudes and
transit times, which are converted into ‘points of brightness’ on an image. The high speed at
which echoes return and the complete image frames are created means that real-time motion is

captured. Ultrasound presents several advantages over other medical imaging modalities. In
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addition to providing ‘real-time’ images, ultrasound is comparatively low-cost, does not use

harmful ionising radiation, and requires minimal technical knowledge.

Ultrasound imaging has been used in human upper airways to quantify airway dilation and
tongue movement in OSA patients and healthy controls [43, 112]. It is at least as effective as
MRI for quantifying inspiratory tongue movement [43]. Ultrasound has not been used in rodent
upper airways but has been extensively used to quantify muscle contractions in other skeletal

[113] and cardiac muscle applications [114].

1.2 OBSTRUCTIVE SLEEP APNOEA

Obstructive sleep apnoea (OSA) is a chronic sleep-related breathing disorder characterised by
repeated airway narrowing and/or collapse during sleep. A 2019 literature-based analysis
estimated that nearly 1 billion people worldwide between 30 to 69 years have OSA, equating to
approximately 14% of the population [1]. In the same demographic range in Australia, it was
estimated that 24.5% had OSA. However, in other countries, OSA prevalence exceeded 50%.
OSA is almost twice as prevalent in males (25% vs 13% in females), and over three times more
prevalent in individuals over 50 years old (39% vs 12% in those under 50 years) [1]. As
increased weight also dramatically increases the risk of OSA (a 10% increase in weight gain
predicts a 32% worsening of OSA severity [4]), the prevalence of the disease continues to rise
in our increasingly overweight and aging population. Between 2019 and 2020, the overall costs
of OSA in Australia were approximately $US13.1 billion, including health system costs,

productivity losses, and non-financial costs associated with loss of well-being [115].

OSA severity is defined by the average number of times the upper airway partially (hypopnea)
or completely (apnoea) collapses per hour of sleep, as classified in accordance with SaO2 and
levels of desaturation. This measure is referred to as the apnoea-hypopnoea index (AHI) and is
most accurately obtained during in-lab polysomnography (PSG) however, support for multi-
night in-home PSGs is increasing [116]. An AHI between 5 to 15 events per hour is classified as
mild OSA, 15 to 30 events as moderate OSA, and more than 30 events as severe OSA [117].
The acute effects of apnoea and hypopnoea events include reductions or cessations of airflow
during sleep, intermittent hypoxia, fragmented sleep and exaggerated fluctuations in
cardiovascular measures, including heart rhythm and blood pressure. During wakefulness, OSA
patients often experience fatigue, poor concentration and irritability [2] and are at greater risk of
workplace and motor vehicle accidents [118]. OSA is associated with significant long-term
concerns such as hypertension and cardiovascular morbidities (e.g. stroke and heart failure) [3,

119-121], reductions in mood and quality of life [122, 123], increased prevalence of
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neurodegenerative disorders (dementia, vascular dementia and Alzheimer’s disease) [124, 125]

and premature mortality [126, 127].

1.2.1 Pathophysiology

Understanding the multifactorial pathogenesis of upper airway collapse and OSA, as well as the
heterogeneous OSA patient population, is essential for treating OSA [10]. Many sleep clinicians
and researchers endorse a ‘personalised medicine’ approach, considering each ‘phenotypic trait’
of OSA pathogenesis a potential therapeutic target [10, 128]. Respiratory and sleep phenotyping
studies have divided pathophysiological contributors to OSA into anatomical and non-

anatomical traits.

Some degree of upper airway anatomical or structural impairment is a prerequisite for
pharyngeal collapse and OSA pathogenesis [10]. Compared to control subjects, OSA patients
typically have a longer and narrower pharynx [129, 130], greater volumes of and/or fat
accumulation in upper airway soft tissues, and subsequently, a narrow or crowded airway [35,
98, 130-132] with a greater propensity for collapse. Caudally located hyoid bones [133], greater
neck circumferences to height ratio [134], and some craniofacial morphologies [133, 135], such
as increased anterior facial heights [133] and reduced mandible length and depth in males [136],

are also associated with greater OSA risk and severity.

Approximately 70% of OSA patients present with one or more non-anatomical contributors to
OSA pathogenesis. 36% of patients are reported to have impaired pharyngeal dilator muscle
function, where negative airway pressures stimulate inadequate levels of neural drive to the
upper airway muscles during sleep [10]. Individuals with anatomically compromised airways
that would otherwise predispose them to OSA can be ‘protected’ by robust muscle
responsiveness [137, 138]. Similarly, neuromuscular compensation is present in OSA patients
during wakefulness [63]. 30 to 50% of patients have low arousal thresholds [10, 21, 139, 140],
where only mild airway narrowing and small changes in intrathoracic pressures stimulate
arousal from sleep. Low arousal thresholds can produce recurrent shifts between wakefulness
and sleep and prevent adequate muscle recruitment and stable sleep [66, 139, 141, 142]. Low
arousal thresholds are particularly prevalent in non-obese OSA patients (> 86%) [143]. Finally,
36% of patients display oversensitive ventilatory control systems or ‘high loop gain’ [10].
During sleep, afferent feedback from chemoreceptors tightly regulates ventilation, and the ratio
of ventilatory response to ventilatory disturbance is known as ‘loop gain’. High loop gain
indicates respiratory control instability, where the system induces excessive responses to small

changes in CO, resulting in hypocapnia, reductions in respiratory drive, and a diminished
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ability to prevent obstruction and/or reopen the airway post-obstruction, thus perpetuating

recurring upper airway collapse [10, 90, 142, 144].

1.2.2 OSA treatments

Numerous OSA treatments are currently clinically available. Traditionally, they have targeted
anatomical contributors to OSA; however, increased research into non-anatomical contributors
has spurred the development of other therapies targeting impaired pharyngeal muscle function,
low arousal thresholds, and high loop gain have increased in prominence. As ~70% of patients
have anatomical and non-anatomical contributors, combined therapies are also increasing.
Therapies vary considerably concerning efficacy in reducing AHI, invasiveness and adherence
to treatment. Due to the vast heterogeneity of the OSA population, no single treatment is

effective for everyone.
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Figure 1-4 | Therapeutic options for obstructive sleep apnoea. (A) Continuous positive airway
pressure devices, (B) mandibular advancement splints, and (C) upper airway surgeries, including
uvulopalatopharyngoplasty
1.2.2.1 Continuous positive airway pressure
Continuous positive airway devices (CPAP) are considered the ‘gold-standard’ therapy for
OSA. By delivering constant pressurised air via a facial or nasal mask (Figure 1-4A), CPAPs
mechanically maintain airway patency. When appropriately used, CPAP can be highly
efficacious in reducing sleep-disordered breathing. Moreover, CPAP improves blood pressure
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[145] and quality of life measures [146-148] and reduces daytime OSA symptoms such as

sleepiness and cognitive deficits [7] and the risk of motor vehicle accidents [149].

While CPAP devices should be used daily for the duration of a patient’s sleep, practically, this
occurs in the minority of patients, and most studies use > 4 hours per night on 70% of nights as
‘acceptable’ compliance [2, 8]. Despite this low goal, over half of all patients are partially
adherent or completely intolerant due to perceived invasiveness, claustrophobia and
inconvenience [5, 8, 10]. As several studies have found dose-dependent relationships between
clinical improvements and CPAP use [146-148], this is a major barrier to achieving clinically
effective therapy. For instance, improvements in quality of life questionnaires, including the
‘Epworth Sleepiness Scale’, the ‘Multiple Sleep Latency Test’ and the ‘Functional Outcomes
associated with Sleepiness Questionnaire’, were achieved when CPAP was used daily for 4, 6
and 7.5 hours, respectively [146]. Furthermore, 6 hours per night was required for memory
function improvement [150], and 5.6 hours was required for blood pressure improvements
[147]. Despite efforts to improve CPAP compliance, it remains a suboptimal therapy for a
substantial proportion of people with OSA.

1.2.2.2 Mandibular advancement splints

Mandibular advancement splints (MAS) or oral appliances (Figure 1-4B) are a common second-
line treatment for people with OSA who either refuse or cannot tolerate CPAP. They are
designed to protrude the mandible and subsequently shift the tongue and soft palate anteriorly to
increase the dimensions of the airway lumen. MASs are rapidly growing in use, particularly in
patients with mild to moderate OSA [7, 145, 151]. Complete response rates to MAS (AHI < 5,
MAS in situ) vary between 29% to 71% of participants in different studies, averaging 48% of all
participants [152]. While MAS efficacy (as measured by PSG studies) is inferior and more
variable than CPAP, particularly in those with severe OSA [7, 152-154], MAS achieved
significantly greater compliance [7, 153, 154] and is comparable to CPAP for improvements in
daytime sleepiness, quality of life [151], and blood pressure [145].

Despite ongoing research, predicting who will respond to a MAS remains difficult. VVarious
combinations of phenotypic traits have had some success, with patients with mild anatomical
compromise and low loop gain [155], and patients with mild non-anatomical traits (low loop
gain, high arousal threshold, low response to arousal), moderate pharyngeal collapsibility, and
weaker muscle compensation [89] associated with improved outcomes. Similarly, models using
baseline PSG measures and patient characteristics have had some promising results. 74%
prediction success was achieved using age, BMI, event depth, and ‘pinching’ in expiratory flow

rate (palate prolapse and sudden nasopharyngeal blockage) [156]. These associations are
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relatively weak and unreplicated, and decisions based solely on these factors are not

recommended [152].

Finally, MAS use typically requires multiple dentist appointments for device fitting, has high
costs and has been associated with mostly mild side effects including dental changes, pain and

excess salivation [128].

1.2.2.3  Upper airway surgeries

Numerous upper airway surgeries are available to OSA patients, and the fundamental aim is to
reduce anatomical obstructions in the nasal cavity and pharynx. Surgeries targeting nasal
obstructions include septoplasty, tubinoplasty, and radiofrequency of turbinates. Surgeries for
soft palate reduction include uvulopalatopharyngoplasty (UPPP, Figure 1-4C), tonsillectomy or
adenoidectomy, and surgeries aiming to reduce the tongue base and/or achieve greater
oropharyngeal lumen, include radiofrequency ablation of the posterior tongue, hyoid

suspension, and maxillomandibular advancement (MMA).

While upper airway surgeries are curative for some, response to surgery is unpredictable, and
many patients have residual OSA [157, 158]. Moreover, upper airway surgeries are contentious
due to insufficient or inadequate research. Research predominantly consists of retrospective or
single-centre case studies with small cohorts and limited demographics, excluding several at
risk groups including the elderly, obese and those with comorbidities [157, 159, 160]. Low
‘responder’ classifications are common, i.e. a = 50% AHI reduction, compared to a post-
treatment AHI of < 10 for studies exploring more conventional treatment options, including
MAS and CPAP devices. Studies often lack standardisation of anatomical reference points, and
have variations in pre-operative evaluations and post-operative follow-up [157, 159, 160].
Retrospective studies commonly group all standalone, staged and simultaneous multi-level
surgeries together regardless of the ablated soft tissue [158]. A ‘quality assessment’ of studies
investigating upper airway surgeries found that, based on study design and limitations, all were
considered ‘low’ or ‘very low” quality [157]. In a study considered one of the more rigorous
trials, the SAMS (Sleep Apnea Multilevel Surgery) randomised clinical trial [159], surgeons
explicitly trained to conduct the multi-level surgery (modified uvulopalatopharyngoplasty and
minimally invasive tongue volume reduction) produced significantly greater AHI and ESS
reductions than that achieved using ‘medical management’, i.e. advice on sleep positioning and
weight loss. However, this study had a highly selective population, and only 26% of patients

experienced a ‘complete’ or ‘near complete’ OSA resolution (i.e. AHI < 10) [159].
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Despite this variation, there has been some success. Nasal surgery in patients with significant
obstructions reduced therapeutic CPAP pressures and improved adherence [161]. MMA, i.e. the
enlargement of the airway luminal area by surgically advancing the bones of the upper and
lower jaw, has been indicated as a promising surgery for improving oximetric (including AHI)
and quality of life measures [157, 160] and in a meta-analysis, MMA was found to reduce AHIs
by 80 and 92%, resulting in a mean post-operative AHI of 7.7. In comparison, UPPP reduced
AHIs by 23 to 42%, and post-op AHI remained elevated at 29.8 events/hour. Moreover, MMA
studies reported fewer adverse events versus other surgeries, including UPPP, radiofrequency
ablation, and other multi-level and multi-phased procedures [157]. Upper airway surgeries have
improved cardiovascular measures (systolic and diastolic blood pressure) and reduced the need
for antihypertensive medication [162], and have improved quality of life measures despite the

absence of concurrent AHI improvements [163]

The success of surgery is commonly attributed to the reduction of anatomical obstruction, but is
difficult to predict. Non-anatomical OSA traits have been proposed as contributors to and
predictors of surgical success. While low loop gain has been associated with AHI reductions
[164], muscle responsiveness has deteriorated post-surgery [165]. Conversely, other studies
have found no changes in non-anatomical traits post-surgery and no predictive abilities [166].
Obesity has also been postulated as a predictor or contributor to post-operative outcomes;
however, it too has been found ineffective [167]. Due to this inability to predict surgical
outcomes, and surgery's invasive and irreversible nature, it is commonly considered a ‘salvage’
treatment for a restricted group of patients who have failed (due to poor efficacy or adherence)
conventional OSA therapies, including CPAP and MAS devices [168].

1.2.2.4 Hypoglossal nerve stimulators

The hypoglossal nerve innervates all tongue muscles, excluding the palatoglossus. The medial
branches innervate ‘protrudor’ muscles that comprise the ‘core’ of the tongue, i.e. the
genioglossus, posterior transverse and vertical muscles, and medial inferior longitudinal
muscles. The lateral branches innervate ‘retractors’ that form the ‘cover layer’ of the tongue, i.e.
the superior longitudinal, styloglossus, hyoglossus and lateral inferior longitudinal muscles [30,
33, 85]. Impaired muscle function is considered a primary contributor to OSA pathogenesis [10,
11], and conversely, robust muscle responsiveness can ‘protect’ individuals with anatomically
compromised airways that would otherwise predispose them to OSA [137, 138]. Finally,
activation of protrudor muscles, or co-activation of protrudor and retractor muscles, have

improved upper airway flow mechanics in rodent research [36, 37], and electrical stimulation of
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the medial branch (e.g. Inspire Medical, Figure 1-5A) or main trunk of the hypoglossal nerve
(e.g. aura6000, LivaNova, Figure 1-5C) have been developed as OSA therapies.

The U.S. Food and Drug Administration (FDA) approved the first hypoglossal nerve stimulator
in 2014 (Figure 1-5A). This device, by Inspire Medical, remains the only clinically available
one; however, two others are undergoing clinical trials. The Inspire device consists of three
surgically implanted components and a remote control. The device detects respiratory effort via
a pressure-sensitive membrane implanted between the intercostal muscle layers in the
extrapleural space. The signals are sent via a ‘respiratory sensing lead’ to an implantable pulse
generator (IPG) that sits subcutaneously in the patient’s chest. The IPG delivers stimulation,
synchronised with the respiratory cycle, via the stimulating lead that terminates at the medial
hypoglossal nerve within the neck as a ‘self-sizing stimulation cuff’. The patient uses the remote
to turn the therapy on before sleep and turn it off when they wake. The remote also can adjust
stimulation parameters within physician-defined limits [169]. As of April 2020, the FDA
specifies that patients eligible for hypoglossal nerve stimulation must be over 18 years old, non-
obese (BMI < 32 kg/m?), and with moderate to severe OSA (AHI > 15 and < 65).
Apnoea/hypopnoea events must be predominantly obstructive (> 75%), and the patient must
have failed or be intolerant of CPAP, and lack concentric upper airway collapse at the level of
the soft palate [169].
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Figure 1-5 | Hypoglossal nerve stimulators are increasing in prevalence for obstructive sleep
apnoea. (A) The Inspire Medical device is clinically approved, and (B) the Genio System by Nyxoah, and
(C) aura6000 by LivaNova have undergone clinical trials.

Three other devices have been tested in clinical trials but have not received FDA approval. A

similar device by Apnex Medical targets the medial branch of the hypoglossal nerve but uses
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two respiratory sensing leads to monitor respiration via thoracic bioimpedance. While initial
results were promising [14], Phase I1I trials failed to meet efficacy targets. Another device,
aura6000 by LivaNova (formerly ImThera, Figure 1-5C), is similar to the Inspire Device but
lacks the respiratory sensing lead, and the nerve cuff wraps around the trunk of the hypoglossal
nerve rather than the medial branch. Both protruders and retractors receive continuous
stimulation to maintain muscle tone during sleep via six independent electrodes in two rows
inside the cuff. These are alternately activated to minimise fatigue during continuous activation.
This device remains in Phase 11 trials (“THN3”, NCT02263859). Another device is the Genio
System by Nyxoah. In mid-2022, Nyxoah received an investigational device exemption
approval from the FDA for clinical trials of its Genio system for bilateral hypoglossal nerve
stimulation (Figure 1-5B, NCT03763682). This device claims to be the first ‘battery-free,
leadless, and single incision neurostimulator’ and, unlike the Inspire device, also aims to treat
patients with complete concentric collapse at the soft palate. The Genio system consists of a
neurostimulator implanted in the submental region over the genioglossus and an external
activation unit. This stimulator uses bilateral paddle electrodes in contact with more distal
hypoglossal nerve branches and aims to stimulate the genioglossus exclusively. Cyclical pauses
in stimulation allow rest periods to prevent fatigue; however, stimulation is not synchronized
with inspiration. Instead, stimulation is determined by the external activation unit connected to
the paddles by a disposable adhesive patch placed under the chin by the patient before sleep.
The activation unit is removed in the morning, the patch is discarded, and the activation chip is

recharged for subsequent use [13].

The Inspire Medical device's clinical approval and the current implantation eligibility criteria
are largely based on the ‘Stimulation Therapy for Apnoea Reduction’ trial (STAR trial,
NCT01161420). In the restricted cohort described above, the median AHI 12 months after
device implantation decreased by 68% (an AHI of 29.3 at pre-implantation reduced to 9.0).
Median ODI scores decreased by 70%, and quality of life improved. 66% of patients were
considered responders to treatment (AHI reduction > 50% to < 20 events per hour), and self-
reported daily adherence was 86%. Unfortunately, 15% of participants exhibited a significant
increase in AHI at 12 months, with 6% exhibiting an increase greater than 15 events per hour.
Two of 124 participants exhibited serious device-related adverse events that required secondary
surgery for implantation correction. 33 additional serious adverse events were reported but were
unrelated to the surgery or the device. Most (88%) non-serious adverse events were related to
the procedure and included sore throat from intubation, pain at the incision site, and muscle
soreness. Tongue weakness was not uncommon post-surgery (18%) but resolved in all patients.

40% of participants reported discomfort during stimulation, and 21% reported tongue soreness,
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including abrasions on the lower side of the tongue; however, most of these non-serious events
resolved with acclimatisation to the therapy [170]. In follow-up reporting three and five years
after implantation, response rate, AHI reductions, self-reported adherence and quality of life
improvements were maintained. After five years, 8 participants reported 9 serious device-related
events that required repositioning or replacement. Between one and five years after
implantation, discomfort due to stimulation reports fell from 81 to 5 reports per year, and tongue
abrasions reports fell from 26 to 2 reports per year, supporting the need for acclimatisation [171,
172]. Unfortunately, no predictors for treatment success were identified [170].

A 2019 meta-analysis compared the Inspire, ImThera and Apnex devices. AHI reductions
significantly differed between devices six months after implantation (55.1%, 27%, and 54.4%,
respectively) but were comparable at 12 months (56.2%, 53.5%, and 44.3%). In terms of
‘responders’ to HNS (AHI reduction > 50% to < 20 events per hour), the Inspire, ImThera, and
Apnex devices were successful in 70%, 35%, and 59.8% of patients at 6 months and 72.4%,
76.9% and 55% at 12 months. Adverse event rates, when reported, were comparable to those in
the STAR trial, and analysis concluded that hypoglossal nerve stimulation presented an
effective and safe surgical procedure for adult patients with moderate to severe OSA [12]. Ina
similar cohort, the Genio system decreased AHI by ~ 47.3% 6 months after implantation, and
the responder rate was 50% following the STAR trial definition. Other PSG measures (oxygen
saturation, sleep efficiency etc.) improved; however, sleepiness and quality of life changes did
not. No device-related significant adverse events were reported, but 3 of 27 participants
experienced significant adverse events related to the surgery, including painful swallowing
(30% participants), dysarthria (26% participants), hematoma (19% participants), and
swelling/bruising around the incision (19% participants), resolved spontaneously. 30% of
participants experienced local skin irritation due to the adhesive patch; however, this resolved in
all but one case where irritation persisted at 6 months. Non-serious device-related adverse
events were largely resolved via stimulation parameter adjustments. Adherence was high (91%
using the system at least 5 days a week, and 77% reported using it for more than 5 hours per
night) and exceeded CPAP adherence [13]. Genio system efficacy is similar to that of the
unilateral devices [13, 173]; however, it has also shown efficacy in a single patient complete
concentric collapse (an exclusion criterion for unilateral devices), reducing AHI from 33.6 to
1.6 events per hour [174]. This is the focus of an ongoing clinical trial (NCT03763682).

Despite promising results and superior compliance versus CPAP, hypoglossal nerve stimulators
remain clinically approved for a highly selective population, and research outside this

population remains incomplete. Research indicates that 30 to 50% of the restricted cohorts
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remain non-responders. While not an irreversible intervention per upper airway surgeries, the
implantation of these devices is highly invasive and comes with associated risks. Precise
placement of the electrode on select branches of the hypoglossal nerve is essential for the HNS
success [175], and synchronisation with respiration or alternating between electrode contacts is
required to avoid muscle fatigue [176, 177].

As with other second-line therapies, no criteria currently predicts hypoglossal nerve stimulation
success, apart from the absence of concentric pharyngeal collapse visible during Drug Induce
Sleep Endoscopy, and investigations into endotype-based predictions are increasing. Using
baseline PSG data obtained from the STAR trial and a ‘responder’ definition of an AHI
reduction > 50% to < 10 events per hour, it was determined that patients with high arousal
thresholds or patients with strong muscle compensation, lower loop gain and milder airway
collapsibility were more likely to respond. The resulting ‘predicted responders’ had a four-fold
lower on-treatment AHI than the predicted non-responders, however this has yet to be
replicated. It was concluded that patient-specific causes of OSA could explain heterogeneity in
hypoglossal nerve stimulation outcomes and that these traits could hold promise for precise
therapy administration [178].

1.2.2.5 Pharmacotherapies
OSA pharmacotherapies target non-anatomical traits, namely impaired upper airway muscle

function, low arousal thresholds and high loop gain.

Pharmacologic methods for improving upper airway muscle activity and responsiveness during
sleep target several pathways associated with muscle control. Desipramine, a tricyclic
antidepressant with noradrenergic, mild antimuscarinic and mild serotonergic effects, virtually
abolished the natural decrease in tonic genioglossus muscle activity between wakefulness and
non-REM sleep, reduced airway collapsibility [179, 180], and subsequently AHI [180].
Noradrenergic agents have increasingly been combined with antimuscarinic agents to increase
muscle responsiveness during sleep. Reboxetine (noradrenaline reuptake inhibitor) and hyoscine
butylbromide (antimuscarinic) reduced AHI by 17 + 17 events/h by increasing tonic
genioglossus muscle activity, reducing loop gain, and improving measures of airway
collapsibility, without altering arousal thresholds [181]. Reboxetine and oxybutynin
(antimuscarinic) have similarly produced AHI reductions (mean reduction of 59%) and
improved next-day vigilance [182]. To a lesser extent, reboxetine alone reduces OSA severity;
however, in that study, the addition of oxybutynin did not produce further improvements [183].
Atomoxetine, another noradrenergic agent, has been combined with several antimuscarinics

with varied success. With oxybutynin, AHIs were reduced by over 60%, and it was theorised
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that the effect was due to an increase in central stimulation of hypoglossal motor neurons and,
subsequently, the upper airway dilators [184]. Later investigations found improved upper
airway collapsibility and breathing stability (loop gain) and slightly reduced arousal thresholds.
The success of this combined drug therapy was predicted by ‘passive’ anatomy, the proportion
of events that were hypopneas rather than apnoeas, and baseline AHI [185]. Following this
success, an exploration of more selective antimuscarinics was conducted. Atomoxetine and
solifenacin succinate reduced event severity, increased the proportion of hypopneas during
NREM, and improved oxygenation. Atomoxetine and biperiden hydrochloride improved quality
of life measures (e.g. next-day sleepiness, perceived sleepiness). Unfortunately, despite both
combinations reducing loop gain, neither altered AHI, heart rate during sleep increased, and
REM sleep reduced [186].

Another method being explored to increase muscle tone and activate upper airway musculature
is ‘Designer Receptors Exclusively Activated by Designer Drugs’ or DREADDs. DREADDs
are bioengineered G-protein coupled receptors exclusively activated by designer synthetic
ligands, traditionally clozapine-N-oxide (CNO) [15, 187, 188]. In rodents, viral vector-mediated
expression of excitatory DREADD receptors, e.g. hM3Dq [188] or hM3Gq [15], in the
hypoglossal motor nucleus, facilitated increases in tonic motor neuron firing, and subsequently,
improved upper airway muscle contractions and pharyngeal dilation following acute systemic
CNO administration [15, 187-189]. However, pharmacokinetic studies demonstrated that there
was reverse metabolization of CNO into clozapine, an endogenously bioactive compound that
exerts atypical antipsychotic behavioural effects in mice and rats [190], rendering it unsuitable
for widespread clinical use. More recent DREADDs research has improved clinical potential.
Rather than direct stereotactic administration of viral vectors to the brainstem, these studies use
intralingual injections of viral vectors with established efficacy for retrograde transport and
transgene expression. A novel and highly-specific DREADD ligand, J60, was used rather than
CNO, and similarly increased tonic genioglossus muscle activation and pharyngeal dilation
[16]. This chemogenetic approach to treating OSA requires repeat ligand administration before
sleep onset and does not provide temporally precise muscle activation but rather a general
elevation of tonic firing. This approach seems more efficient during NREM sleep than REM
sleep, and the long-term safety and efficacy of chemogenetic ligands and nervous system-

targeted gene therapies have yet to be established.

Hypnotics, particularly benzodiazepines (e.g. temazepam) and z-drugs (e.g. zopiclone,
eszopiclone), are of interest to the sleep apnoea field due to their potential ability to reduce OSA

severity and promote stable sleep by increasing arousal thresholds without concurrent
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reductions in upper airway muscle activity. Both hypnotics work by potentiating GABA
activity; however, Z-drugs have largely replaced older benzodiazepines, as they do not reduce
deep sleep, are associated with fewer adverse side effects, particularly residual daytime effects,
and have a shorter action duration and half-life [191]. As initial investigations into
benzodiazepines [192] and high dose z-drugs [193] found that the resultant CNS depression
prolonged apnoeic events, worsened hypoxia and reduced REM sleep [192, 193], the focus has
shifted to newer non-myorelaxant sedatives including zopiclone [194]. Unfortunately, these
investigations have produced varied results. While some have increased arousal thresholds
without concurrent changes in genioglossus activity [140, 194, 195], others have indicated that
they have no effect [196, 197] even when high doses are used [197]. Moreover, where arousal
threshold reductions occurred, they did not always equate to reductions in OSA severity [194,
195]. Low arousal thresholds were initially identified as a predictor for response to z-drugs
[140]; however, in studies that recruited explicitly from this population, no significant changes
in AHI were found [197]. Finally, eszopiclone combined with oxygen therapy successfully
reduced AHI by increasing arousal thresholds and reducing loop gain. This was particularly
effective in patients with mild to moderate OSA, less collapsible airways, and more responsive

upper airway muscles [198], however, replication is still required.

Pharmacotherapies have also targeted high loop gain (ventilatory response/ventilatory
disturbance). Respiratory stimulants, e.g. acetazolamide (carbonic anhyrase inhibitor), have
successfully reduced loop gain by 40% and NREM AHI by 50% without concurrent reductions
in other OSA traits (airway collapsibility, arousal threshold or muscle responsiveness) [199].
Acetazolamide has also reduced blood pressure and AHI in hypertensive patients at high
altitudes, and when combined with CPAP, AHI is reduced further [200]. Unfortunately, in both
acetazolamide studies, other clinical scores remained unchanged (e.g. sleepiness and quality of
life), and side effects, including paresthesia, taste disturbances and dyspepsia, were common,
limiting long-term viability [199, 200]. Other respiratory stimulants show varied results.
Zonisamide, another carbonic anhydrase inhibitor, also decreased AHI in overweight to obese
people with moderate to severe OSA [201]. Aminophylline, a bronchodilator, showed no effects
on obstructive events, significant disruptions in sleep efficiency and increased sleep
fragmentation [202]. Finally, a combination therapy using oxybutynin and betahistine
(histaminergic agent) increased loop gain and ventilatory instability but did not significantly
change AHI [203].

While pharmacotherapy investigations benefit from double-blind, randomised, placebo-

controlled trials, they frequently leave patients with residual OSA, present insufficient clinical

28



data (e.g. quality of life measures including daytime sleepiness), and are underpowered with
small effect sizes. Positive results, even when statistically significant, should be interpreted with
caution. Ongoing adequately powered and long-term studies will be required to establish

concrete pathomechanisms and clinical outcomes of long-term use.

1.2.2.6 Other
Several other OSA interventions have been explored, including positional sleep therapy, oxygen

therapy, weight loss, and various combination therapies.

As supine sleep significantly contributes to OSA in up to 75% of OSA patients [204], positional
sleep therapy devices that promote lateral sleep have been proposed to reduce OSA severity.
Various devices have been used, from ‘home-made’ options where the patient tapes a tennis ball
to their back to devices that vibrate or emit sound when the patient is supine. In participants
with mild to moderate positional OSA (i.e. > twice as many disordered breathing events per
hour when in supine [204]), positional therapies effectively reduce the percentage of supine
sleep and improve OSA severity and subjective measures of sleepiness and quality of life [205,
206]. In restricted cohorts, AHI reductions are equivalent to those achieved with CPAP [207].
There is little standardisation amongst positional therapy studies, and many devices are
available, including the Zzoma Positional Sleeper, a ‘backpack-like’ semi-rigid foam structure
strapped to the patient [207] and the SONA Pillow with a 45° incline that promotes lateral sleep
with the jaw positioned downward [206] — and generalising results concerning compliance

levels and efficacy can be difficult.

As obesity is a primary risk factor for OSA, weight loss has also been proposed as an OSA
therapy for overweight and obese patients. Most research shows that weight loss from lifestyle
changes (diet and exercise) can reduce OSA severity and improve quality of life measures;
however, the amount of weight loss required is unknown, and the resultant AHI reductions are
highly variable. Moreover, long-term data is limited, and significant methodological limitations
are present [208, 209]. Bariatric surgery for weight loss and OSA management has also been
proposed. Interestingly, in an RCT, the greater weight reduction following surgery rather than
lifestyle changes (~ 28 kg versus ~ 5 kg, respectively) did not produce a statistically greater AHI
reduction. It was concluded that while mild to moderate weight loss is beneficial, further losses
are associated with only limited additional benefits [210]. Unfortunately, substantial weight loss
can be difficult to achieve and hard to maintain [209], and only a minority of individuals,
usually those with mild OSA, experience a complete resolution of OSA symptoms with weight

loss alone [211], and adjunct therapies are often required [209].
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Oxygen therapy has also been shown to reduce loop gain and AHI by approximately 50% in a
cohort with high loop gain [212]. In unselected patients, oxygen therapy has variable efficacy
[213] and is less effective than CPAP in reducing AHI. Currently, no standardised protocols for

oxygen delivery (flow rate and duration) have been established [214].

Finally, as most OSA patients have multiple contributors to their pathophysiology [215],
combined therapies are increasing in popularity. Positional therapy combined with a mandibular
advancement splint was found superior to either therapy alone [216]. This was also seen when
atomoxetine was combined with oxybutynin [185]. Nasal surgery and mandibular advancement
splints have significantly reduced CPAP pressure requirements and improved tolerance [161,
217]. Moreover, oxygen to reduce loop gain and a hypnotic to increase arousal threshold have
also successfully resolved OSA in selected patients whose anatomy is not severely
compromised [198]. While research into these combined methodologies is growing and is
particularly encouraging for patients intolerant of CPAP, large-scale investigations are still
required.

1.2.3 Rodent models of OSA

OSA is almost exclusively a human disorder, and the few animals that exhibit spontaneous
obstructive apnoeas, e.g. British bulldogs [218], are not feasible for large-scale, non-recoverable
pre-clinical studies due to size, availability and economic constraints. While central apnoeic
events have been recorded in more rodents [219], obstructive events require additional
interventions. Obese Zucker rats [97] and obese and leptin-resistant New Zealand mice [92,
220] have exhibited spontaneous airway narrowing during volumetric MRI or PSG assessment.
Leptin-deficient ob/ob mice have upper airway neuromechanical control deficits, which can be
reversed with leptin administration, suggesting that leptin deficiency may increase vulnerability
to airway collapse and obstructive apnoeas [92]. Unfortunately, comorbidities, including arterial
hypertension, hyperinsulinemia and hypercholesterolemia, make it difficult to attribute these
findings to airway obstruction [213]. Moreover, in obese Zucker rats, despite narrower and
more collapsible airways compared to lean controls, no concurrent loss of pharyngeal muscle
activity (a non-anatomical contributor to human OSA) was present [221], indicating that while
these models may mimic airway closure, they may not replicate other important aspects of

human OSA pathophysiology.

Intermittent hypoxia can be induced via hypoxic chambers with timed nitrogen administration
to replace oxygen, simulating the brief repetitive hypoxic periods and re-oxygenation associated
with recurrent obstructive events [222]. Arousals and reductions in REM sleep accompany the

induced hypoxias, therefore simulating human OSA [223]. Various protocols induce
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intermittent hypoxia in rodents, and each likely impacts the associated physiologic and
pathologic processes differently. Rodent models of OSA have also used various methods to
occlude the upper airway and simulate obstructive events mechanically. These include external,
computer-controlled, collapsible chambers attached to a tracheotomised rodent [224], external
chambers that deliver high inspiratory resistance to force airway collapse [225, 226], and small
balloons expanded externally to obstruct nasal flow [227] or expanded internally to obstruct the
airway itself [228]. As per the obese models, neither the intermittent hypoxia nor the mechanical
occlusion models are likely to reflect the non-anatomical contributors to human OSA, and the

complex hardware may restrict how novel therapies can be tested.

Pharmacologic methods have also induced airway collapse. Serotonin injections that augment
vagal tone can produce a single, immediate, transient apnoea [229]. In rats, this model has been
used to demonstrate the therapeutic potential of systemic administration of cannabinoids that
increase genioglossus muscle activity and suppress serotonin-induced apnoeas [230, 231].
Unfortunately, this model does not generate repeat apnoeas or hypopneas, and the injections
may interact with additional interventions, thus limiting their utility in some applications.
Inhibitory DREADDs can reversibly silence hypoglossal motor neurons and genioglossus
activity in lean mice and induce flow-limited breaths in REM and NREM sleep without an
anatomically compromised airway [232]. While this model may lend itself to studies examining
the impact of pathogenic factors of OSA on other outcomes (e.g. cardiometabolic) and
potentially aid in identifying novel targets for OSA therapies [232], they require costly or time-
consuming viral vectors or transgenic animal lines to generate the expression of inhibitory

designer receptors.

Despite OSA being almost exclusive to humans, several rodent models reflect elements of
human OSA. Careful consideration of which animal model is best for a specific application is
required, particularly concerning the non-anatomical contributors to OSA, which are less likely

to be accurately replicated.

1.3 OPTOGENETICS

In 1999, while describing techniques of molecular biology and their utility in neuroscience,
Francis Crick stated that to understand how our brains work, researchers require a tool that can
‘turn the firing of one or more types of neuron on and off in the alert animal in a rapid manner’.
He stated that ‘the ideal signal would be light” and that while ‘rather farfetched... it is

conceivable that molecular biologists could engineer a particular cell type to be sensitive to
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light” [233]. Ten years later, optogenetics, the combination of light stimulation and genetic
engineering, was coined Nature Methods ‘Method of the Year [234].

In contrast with traditional neuromodulation methods (e.g. irreversible lesions,
pharmacotherapies and electrical stimulation), optogenetics provides a minimally invasive, cell-
type specific method of inducing cellular change with high temporal and spatial resolution. In
brief, cells are engineered to express membrane-bound proteins or ‘opsins’, which act as ion
pumps or channels when illuminated with a specific wavelength of visible light and alter
downstream cellular activity [235-239]. The central nervous system (CNS) is the most common
target for optogenetics. In the CNS, optogenetics has been used to improve understanding of
neural circuitry and proposed as a potential therapy for various neurological diseases, including
Alzheimer's [240, 241], Parkinson’s [242, 243], schizophrenia [244], pain [245] and epilepsy
[246]. More recently, peripheral optogenetics has expanded. Optogenetics has been proposed as
an alternative to electrical stimulation for arrhythmia management and cardiac pacemakers
[247-251], urinary and bowel incontinence [252, 253], and the restoration of skeletal muscle
function following disease (e.g. muscular dystrophies or motor neuron diseases) or injury (e.g.
spinal cord injury) [235, 254, 255]. Clinically, optogenetics remains in its infancy, restricted to
clinical trials for retinitis pigmentosa [256-259]. An initial human case study used viral vectors
to induce opsin expression in the retinal ganglion cells and achieved partial recovery of visual
function using goggles that detect changes in local light intensity and project corresponding
light pulses to the retina. Following these results, no evidence of ocular or systemic adverse
events [260], and the unmet need for a novel therapy, the FDA granted a Fast Track designation
in late 2021.

The success of optogenetics depends on several factors. First, numerous naturally occurring or
engineered opsins are available, each with unique characteristics that can help or hinder their
use in specific applications. Second, the targeted cells must generate sufficient opsin expression
for functionally effective light-evoked responses. This can be achieved via three primary
mechanisms; transgenic animal lines, electrotransfer or viral vectors. Third, the optimal location
for opsins to be expressed must be considered. For peripheral targets, e.g. skeletal muscle,
optogenetic activation can be achieved ‘directly’, i.e. where opsin expression and light
stimulation are applied to the muscle, or ‘indirectly’, i.e. where opsin expression and light
stimulation are applied to the innervating peripheral nerve or associated motor nuclei. Finally,

the technology required for delivering light to the targeted cells must be established.
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1.3.1 Opsins

Ooptogenetics uses membrane-bound proteins or ‘opsins’ that, when illuminated by a specific
wavelength of light, can modify the activity of the cell in which they are expressed. Two types
of opsins exist in nature. Type | opsins, or ‘microbial’ opsins, are used by prokaryotes and some
microbial eukaryotes (e.g. fungi and algae) for tasks including navigation towards energy
sources or away from hazards. They act as single-component systems, conferring both light
sensitivity and ion conductance. Photon absorption triggers isomerisation of the opsin-bound
retinal molecule from all-trans to 13-cis configuration. Opsin configuration then changes,
activating ion channel opening or pump activation. The transmembrane ion movement
ultimately leads to depolarization or hyperpolarisation, and neural activation or inhibition,
respectively [261, 262]. Type 2 opsins are more complex and used in higher eukaryote vision
and circadian rhythm modulation. As G-protein coupled receptors, photon absorption and the
isomerisation of 11-cis retinal into the all-trans configuration initiates intracellular signalling
cascades rather than immediate cellular change [262]. As Type 1 opsins are smaller, induce
rapid neural change, and are easier to engineer, they are more frequently used in optogenetics-
based research than Type 2 opsins. As the studies presented in this thesis aim to induce
temporally and spatially precise muscle contractions, this literature review will focus on

depolarizing Type 1 or ‘microbial” opsins.

Following the initial ex vivo use of opsins in 2003 [263], numerous microbial opsins have been
discovered or engineered. The first and most commonly used microbial opsins are from the
channelrhodopsin (ChR) family, particularly channelrhodopsin-2 (ChR2, Figure 1-6A). ChR2 is
derived from unicellular green algae, and illumination results in an influx of positively charged
ions initiating depolarisation and neuronal spiking [264, 265]. Conversely, illumination of
bacteriorhodopsins or halorhodopsins (Figure 1-6B), outward proton pump and inward chloride
pumps, respectively, produces hyperpolarisation and neuronal silencing [261, 266]. Each opsin
has unique characteristics, including shifted absorption/action spectra [267-270], increased
photosensitivity and photocurrents [271], and varied kinetics [268, 269, 271, 272], that either
help or hinder its suitability for specific applications.
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Figure 1-6 | Microbial opsins can induce depolarisation or hyperpolarisation with light stimulation.
(A) Opsins in the channelrhodopsin family act as non-specific ion channels that open when illuminated to
induce depolarisation. (B) Opsins in the halorhodopsin family act as chloride ion channels that open when

illuminated to induce hyperpolarisation. (C) Different opsins can be activated by a range of visible light

wavelengths but produce maximum photocurrents when exposed to a specific wavelength of light.

While a limited spectrum of visible light can activate microbial opsins, optimal photocurrents
are generated when exposed to a specific wavelength (Figure 1-6C, Figure 1-7). ChR2(H134R),
a ChR2 variant with a single point gain of function mutation at position H134R, can be
activated by a range of visible light but produces maximum photocurrents with blue light, i.e. ~
470 nm (Figure 1-6C) [263-265]. Conversely, Chrimson is considered a ‘red-shifted” or ‘red
light sensitive’ opsin and produces maximum photocurrents with 600 nm wavelengths (Figure
1-6C) [268]. Spectrally distinct opsins, i.e. those activated by different wavelengths, can be
simultaneously expressed in single or neighbouring cells/tissues and independently activated.
ChR2 and Arch3 (an inhibitory archaerhodopsin variant) expressed in the same V3 interneurons
induced and suppressed muscle spasms when illuminated by blue and green light, respectively
[273]. Spectrally distinct opsins also allow alternate activation of agonist and antagonist
muscles innervated by a single mixed peripheral nerve. After rodent tibialis anterior and
gastrocnemius muscles received viral vector injections to generate CsChrimson (a red light
sensitive depolarising opsin derived from Chrimson [268]) and ChR2(H134R) in their
respective portions of the sciatic nerve, alternating blue and red light stimulation to the

surgically exposed sciatic nerve induced plantar flexion and dorsiflexion in vivo [274].
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Figure 1-7 | Kinetic and spectral properties of opsin variants. While a range of wavelengths can
activate an opsin, they demonstrate peak activation at specific wavelengths (y-axis). Opsin reactivation
depends on their off-kinetics (toff). Figure from [275].

As visible light is absorbed as it passes through tissue in a wavelength-dependent manner,
spectral sensitivity also determines the depth at which opsins can be effectively activated. As
intensity reductions are greater with shorter wavelengths (e.g. blue light, ~ 430 — 500 nm) [276],
red-shifted opsins activated by 630 — 710 nm, e.g. ChrimsonR [277], ReaChR [278] and
ChRmine [267], can be activated at greater depths and with reduced light intensities [279, 280].
Similarly, opsins with greater photosensitivity, e.g. CatCh [281], can be activated despite light
attenuation [238, 282]. These opsins reduce power requirements, tissue heating risks, and the
necessity for invasive implants [282]. Further, due to CatCh’s enhanced Ca?" permeability
[283], it is particularly suitable for Ca?* influx induced muscle contraction. In contrast,
ChRmine [267], while red-light sensitive, exhibits little to no Ca?* conductance so may prove
ineffective for skeletal muscle activation [283]. In silico investigations of cardiac optogenetics
have indicated that red-shifted and highly photosensitive opsins likely will be vital for clinical
applications where light must penetrate human tissues several orders of magnitude larger than
rodents [250].

Opsin kinetics dictate optimal stimulation protocol. For most applications, an ideal opsin rapidly
activates and shows minimal desensitisation during illumination. Rapid deactivation following
the end of stimulation (off-kinetics, torf) permits immediate and effective repolarization (and
retinal re-isomerisation) and repeat activation [238]. Indeed, poor off-kinetics associated with
standard ChR2 variants, e.g. ChR2(H134R), may fail to achieve high fidelity action potentials
exceeding 30Hz, and the evoked responses to successive light pulses can decline due to
ineffective repolarisation (z, ¢ for ChR2(H134R) ~ 20.9 ms [265]) [235, 264, 284]. ‘Ultrafast’
opsins, such as ChETA [272] and Chronos [268], have more rapid off-kinetics (7,75 ~ 5.2 ms

and 3.6 ms, respectively) and reduced desensitization to allow faster reactivation. In mouse
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brain tissue expressing ChETA, spike trains up to 200Hz produced high fidelity responses
[272].

Optimal kinetics can come at the cost of light sensitivity and photocurrent strength, with highly
light sensitive opsins often displaying poor 7, [238], e.g. the mutagenesis of ChR2 to
ChR2(H134R) resulted in enhanced light sensitivity and photocurrents but reduced 7, ¢ values
(~ 11.9 ms to 20.9 ms [238, 265]). Red-shifted opsins also tend to display poor kinetics, with
Torf Values of approximately 60 ms for C1V1 variants (C1V1(E162T), C1V1(E122T/E162T))
[238]. However, mutagenesis of Chrimson to ChrimsonR reduced 7, ¢y from approximately 21.4
ms to 15.4 ms [268], and ChRmine (7,7 ~ 70 ms) [285], yeilded variants with reduced 7,5f

values (~ 30 ms) and equivalent peak photocurrent amplitudes [270].

Opsins with slow kinetics, known as step function opsins (SFOs), may also reduce light
intensity and energy requirements. SFO channels remain open for over 30 minutes after light
stimulation stops or until deactivation with orange light [271]. SFO activation can induce stable
and subthreshold depolarisation that sensitises cells to further excitation. Thus, co-expression of
SFOs and spectrally distinct ‘standard’ activating opsins, e.g. ChrimsonR, may elevate resting
thresholds and reduce light intensity and power requirements for effective activation of the
‘standard’ opsin. New SFOs with additional ultra-high light sensitivity [286] hold promise for

clinical applications.

1.3.2 Gene transfer

Therapeutic applications of optogenetic stimulation require sufficient, specific, and persistent
opsin expression. This is achieved by optimising the method of opsin gene delivery to the
targeted cells/tissues. Gene transfer typically occurs via three primary approaches; transgenesis,

electrotransfer and viral transduction.

1.3.2.1 Transgenic animals

The first example of transgenic animals for optogenetics was a ChR2-YFP expressing mouse
line for in vivo activation and neural circuitry mapping [287]. Since then, the toolbox of
transgenic mice and rats expressing opsins has grown rapidly and been successfully employed
in various applications [266, 288]. Transgenic animals permit widespread, stable and heritable
transgene expression [288]. In contrast to viral vectors, there are no packaging restrictions, so
larger and stronger promoters (further discussed in Section 1.3.3) can induce specific and
saturated expression of larger transgenes [289]. However, the development and validation of
transgenic animal lines is expensive and time-consuming, potentially taking several generations

[288]. New animal lines are required for different opsins, and extensive use of sometimes
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poorly characterised animal lines can hinder the ability to anticipate potential risks [43].
Transgenic animals can also lack the desired spatial specificity as the transgene is expressed in
all promoter-defined cells rather than being restricted to a distinct region/s [290]. Most
importantly, while transgenic animals provide proof of principle [235], they are not suitable for

clinical applications.

1.3.2.2  Electrotransfer

Electrotransfer (or electroporation) is a non-viral method for delivering molecules, including
DNA, RNA and proteins, into cells following electric pulses [239, 291]. It has been used in in-
utero research [290], DNA vaccinations [292], transdermal gene delivery [293, 294] and the
treatment of non-healing and chronic cutaneous wounds [295]. Despite emerging in the late
1980s to increase the efficiency of chemotherapeutic drugs, the mechanisms of electrotransfer
are still contested. Traditional theories postulate that molecule transfer is achieved via the
generation of pores [293, 296], whereas more recent studies indicate that endocytosis plays a
role [291, 297-299]. Regardless of mechanisms, electrotransfer is now employed in over 150
centres in the European Union [295, 300, 301] to treat refractory cutaneous and subcutaneous
tumour nodules [302, 303]. Electrochemotherapy remains the primary application of
electrotransfer in a clinical setting [302, 303], with some 90 clinical trials (predominantly cancer

treatments) have been completed to date [291].

Electrotransfer has demonstrated efficacy and reproducibility in skeletal muscles as a therapy
for muscular dystrophies [304, 305] and the systematic secretion of therapeutic proteins [305].
Notably, it can increase transgene expression up to 100 times compared to direct injection [305,
306]. Electrotransfer is well suited to use in skeletal muscle due to the ease of access and
transfection [295]. Moreover, transgene expression is considered stable due to the post-mitotic
nature of muscle fibres that, when damaged, do not fully degenerate [304, 305, 307]. Several
electrotransfer studies investigating therapies for Duchenne muscular dystrophy (DMD) have
reported the delivery of the entire dystrophin cDNA construct (12.5kb) driven by ubiquitous
promoters (see Section 1.3.3) delivered into tibialis anterior muscle fibres in mdx mice (an
animal model of DMD) [308, 309]. In some studies, the levels of gene electrotransfer to skeletal
muscle fibres have been equivalent to viral vector-mediated transfer [304], however the uptake

of plasmid varies across myofibers [310].

Electrotransfer is considered a safe, simple and inexpensive gene transfer method [291, 306,
311, 312] without requirement for chemicals and viruses [303]. As with transgenic animals, this
method can quickly and efficiently transfer large payloads [306, 308] and deliver multiple

unique plasmids into cells [295, 308]. Moreover, electrotransfer of naked pDNA can facilitate

37



repeated transgene expression without protocol alterations due to the lack of immune response
[291, 308]. This contrasts with viral vector-mediated gene delivery systems that can require

viral capsid manipulation or immune suppression for re-administration [313].

Electrotransfer for transgene delivery has two significant limitations that restrict its use in
human subjects. First, while electrotransfer significantly increases transgene expression
compared to direct DNA injections, expression typically remains low and unstable compared to
viral delivery methods. Second, there is a risk of adverse effects on the transduced tissues when
high voltages are used [304, 312], and intense stimulation and electrode implantation can elicit
pain [314, 315]. Finally, it is virtually impossible to use electrotransfer on large volumes of
tissue due to the high voltages required, and surgery is necessary when targeting internal organs
[305].

Thus, an optimal gene electrotransfer will maximise transgene expression but minimise tissue
damage and associated pain [305, 316]. While the manipulation of stimulation protocols may
reduce the risk of tissue damage, standardised protocols have yet to be established. Moreover,
establishing a standardised protocol is challenging as protocols necessarily will differ in
accordance with tissue type [304] and volume [317], and electrode type [318], shape and
position [318].

1.3.2.3 Viral vectors: Adeno-associated viral vectors

Viruses are near-perfect nano-machines for gene delivery. The rapid development of viral
vector technology and the inclusion of novel promoters and enhancers have produced numerous
highly efficient transgene delivery systems. Not all viral vectors are suitable for human
applications that require replication-deficient viruses that induce fast, robust, and spatially

localised transgene expression via natural infectious pathways [236, 239, 319, 320].

Adeno-associated viruses (AAV) are one of the most actively investigated and promising
vehicles for in vivo gene delivery to dividing and non-dividing cells. First discovered in the
mid-1960s as a contaminant of adenovirus preparation [321, 322], AAVs were first FDA-
approved for lipoprotein lipase deficiency in 2012 (Glybera); however, this product was
withdrawn due to low demand and high cost. Currently, four FDA or European Medicine
Agency (EMA) approved rAAVs vectors are approved for use in Leber congenital amaurosis
(Luxturna), spinal muscular atrophy (Zolgensma), aromatic L-amino acid decarboxylase
deficiency (Upstaza) and Haemophilia A (Roctavian). Approximately 150 clinical trials for
various ophthalmological, neurologic, metabolic, hematologic and musculoskeletal diseases and

disorders have employed AAV gene therapies, indicating that AAV gene therapy is a safe, well
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tolerated and efficacious modality [323]. Importantly, AAVs can transform a patient's genome
with a single injection, and unique molecular specificity and minimal off-target effects can be

achieved with optimised serotype and promoter selection.

AAVs are icosahedral, non-enveloped protein capsids that surround and protect small (= 4.7kb)
single-stranded DNA genomes that contain three genes; Rep (Replication) encodes four proteins
required for viral replication and packaging; Cap (Capsin) encode the viral capsid proteins that
form the outer capid shell, protect the genomic DNA and are involved in cell binding and
internalisation; and app (assembly activating protein) that provides a scaffold for capsid
assembly. Two t-shaped inverted terminal repeats (ITRs) that flank the genes are required for
genome replication and packaging. As a ‘dependovirus’, AAVs are replication defective and
rely on coinfection by a helper virus, commonly adenovirus, to replicate and produce a
productive infection in the body. Without a helper virus, AAVs cannot enter the lytic cycle and
establish latency by site-specific integration into a unique locus on human chromosome 19 [319,
324-328]. Recombinant AAVs (rAAVSs) have the same capsid sequence and structure as their
wild-type counterparts; however, the viral DNA components (Rep, Cap and App genes) are
replaced with an ‘expression cassette’ composed of a transgene, promoter and other regulatory
elements. The lack of viral DNA contributes towards rAAVs suitability for gene therapies, as
after receptor-mediated endocytosis, the genome does not effectively integrate with the host
genome [239, 324-326], minimising the risk of insertional mutagenesis and long-term and
irreversible side effects [329]. In the nucleus, the vector genome forms double-stranded
episomes that pose a low risk of genotoxicity. Moreover, as loss of transgene expression is a
function of the transduced cell turnover rate, rAAVSs can provide long-term transgene
expression in non-dividing cells, both critical features for safe and effective gene delivery [319,
325, 327, 330, 331]. rAAV-mediated gene expression has been recorded for up to 10 years in
human muscle [332], and 7.5 years after clinical administration of Luxturna, i.e. the FDA-

approved rAAV-mediated therapy for inherited retinal dystrophy [333].

1.3.2.3.1 Serotypes

A major advantage of rAAVSs over alternative gene transfer methods is the specificity afforded
by the countless ‘wild-type’ and engineered AAV serotypes. As each serotype differs in efficacy
and tropism, transgene expression can be restricted to targeted tissues, and minimised in non-
target tissues, reducing risks associated with over-expression, including immune responses and
toxicities [330, 334-337].

rAAVs are commonly derived from naturally occurring serotypes [338] that present specific

tissue tropisms, i.e. each preferentially infects specific cell types. AAV2 was the first serotype
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used for transgene delivery, remains the most commonly used (~30% of clinical trials) [338],
and is FDA-approved for RPE65-mediated inherited retinal dystrophy (Luxturna) [339]. Other
wild-type rAAVs, AAV1 and AAVY, are used for the FDA-approved therapies for lipoprotein
lipase deficiency and spinal muscular atrophy, respectively. A 2021 meta-analysis found that of
the 125 studies that disclosed the rAAV used, 87% were derived from natural serotypes or were
pseudo-typed (the transgene was flanked by AAV2 ITRs and packaged within another natural
serotype). Each disease group in their analysis had a capsid prevalence, e.g. AAV8 dominated
blood disorders, AAV1 and AAV9 dominated neuromuscular disorders, and AAV9 dominated
liposomal storage disorders [338].

rAAVs infect target cells by binding primary receptors and co-receptors on the cell surface,
which triggers their endocytosis into endosomes. The primary receptors dictate serotype
tropisms and kinetics, and considerable cross-over between serotypes is evident [340, 341].
Definitive tropisms are challenging to define due to considerable variations in study design,
including vector titres, doses, administration routes, animal models, promoters and transgenes
[342]. However, new DNA/RNA barcoding methods combined with next-generation
sequencing [343] now allow side-by-side comparisons of hundreds of capsids in a single animal
at consistent doses [344, 345]. In mice, a comparison of systemically administered wild-type
AAVs found that serotypes 1 to 3, 5 to 8, rh10 and 12 were sequestered mainly in the liver.
Conversely, AAV4 had weak liver expression and strong expression in the lung. AAV9
exhibited the broadest distribution and the highest efficiency in most organs, but most viral
copies (~ 50%) still ended up in the liver [344].

Despite the established efficacy for gene transfer by wild-type rAAVs, there are several
disadvantages. First, the equivalent wild-type AAVs are pervasive in human populations, and
subsequently, so are pre-existing adaptive immunities, including neutralising antibodies [346].
Low titres of neutralising antibodies (NAD titre of 1:5 and 1:10, i.e. a titre of 1:10 indicates that
diluting one part of sample with 10 parts saline, produces a sample with undetectable antibody
level) have eliminated large viral loads in gene therapy studies for haemophilia B and DMD
[347] [313, 348], and can potentially lead to reductions in transduced cells and transgene
expression. As a result, functional efficacy can be reduced and vector re-administration may not
be safe or effective. Second, these wild-type rAAVs typically have broad tropisms and are
biased towards the liver, which requires high viral loads for therapeutically effective expression
levels in other tissues [342, 349]. High viral loads can, in turn, produce therapy-limiting

toxicities [349], as documented in a recent clinical trial [350].
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Novel-engineered rAAVs offer the opportunity to overcome these limitations. In the absence of
previous exposure, engineered serotypes are subject to reduced immune surveillance and
responses and can be designed with increased tissue specificity, strong liver detargeting, and/or
an improved ability to evade antibody neutralization [344, 345, 351]. In turn, their use may
improve long-term transgene expression, reduce viral loads and immunogenicity, and improve
safety profiles. Various methods have been used to develop novel rAAVs. So-called rational
design employs a bottom up approach that exploits knowledge of capsid biology and host cell
targets to apply site-specific modifications to existing capsids to improve tissue specificity
and/or modify antigenic sites [352]. Directed evolution, a ‘top-down’ approach, generates
diverse capsid libraries via gene shuffling and random mutagenesis. High throughput testing
methods using barcoding are applied to identify the most effective capsids [344, 345, 351].
Finally, in silico design uses computational approaches to predict novel capsid designs not seen

in nature, e.g. by reconstructing ancestral AAVs from contemporary capsids [353].

Recently. several highly muscle-specific rAAVs have been developed and identified. In 2020,
AAVMYO, generated via directed evolution, displayed excellent efficiency and specificity in
musculature following systemic administration in mice. Compared to AAV9, previously
considered the most efficient serotype for muscle transduction, AAVMYO produced eYFP
MRNA expression ~ 61-, 17-, and 11-fold greater in the diaphragm, quadriceps femoris, and
heart, respectively, with concurrent liver detargeting (nine-fold less than AAV9). These findings
were supported at the protein level, in other mouse strains, and with different transgenes and
reporters [344]. The same group later generated AAVMYO2 and AAVMY O3 via rational
additions, which maintained high efficacy in striated muscle and high vector yields but further
reduced off-target expression [354]. A second highly myotropic serotype, MyoAAV was
identified the following year (2021 [345]). Like AAVMYO, systemic delivery of MyoAAV
generated greater RNA and transgene expression in skeletal muscle and greater liver detargeting
than AAV9 [345]. Moreover, compared to AAV9, MyoAAYV produced 14 times greater RNA
expression following intramuscular injections in mice and transduced 35 to 52 times more

human myocytes [345].

1.3.2.3.2 Limitations

rAAV-mediated gene therapies have been approved for use in several disorders and are the
subject of 100s of clinical trials. Despite this, barriers to their widespread use still exist,
soecifically (1) rAAVs have limited capacities for the ‘expression cassette’ [328, 330]; (2) high

viral loads are often required for therapeutic efficacy [350], and (3) rAAVs are commonly
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subject to pre-existing, acute and delayed immune responses that can reduce transgene

expression and functional efficacy [354].

1.3.2.3.2.1 Packaging restrictions

rAAVs are one of the smallest known viral vectors with expression cassettes limited to 4.5t0 5
kb (compared to 9-10 kb for lentiviruses) [328, 330, 355]. Larger cassettes can reduce viral
production yield, and induce transgene truncation or rearrangement, and unexpected changes in
the viral vector properties (e.g. virulence, tissue tropism and the susceptibility of the vector to
the immune system) [319, 356, 357]. Due to this limitation, large gene and promoter sequences
are not yet feasible in rAAV-mediated gene therapies [236, 319], and efforts to minimise the

cassette size are essential for effective transgene expression [355].

Truncated transgenes and promoters have been developed to circumvent these limitations. For
example, the entire cDNA sequence for the large dystrophin gene (11.5 to 13.9 kb),
dysfunctional in DMD [356, 358] has been the subject of several rAAV-mediated gene therapy
clinical trials (NCT03362502, NCT03368742, and NCT0376911) following the successful
development of novel micro-dystrophins (~ 3.7kb) [328] with enhanced functionality. Truncated
promoters have also been developed as several of the most effective, tissue-specific promoters
exceed the rAAV size restrictions. Muscle creatine kinase promoters (MCK), initially 6.5kb,
have been abbreviated to dMCK (509bp) and tMCK (720bp) promoters. The tMCK promoter
proved particularly strong in muscles, superseding the strength of the highly active ubiquitous
CMV promoter, but essentially inactive in non-muscle cells lines (over 200 fold-weaker than
the CMV promoter) [330]. Truncation is not unique to tissue-specific promoters, for instance
the CMV promoter (approximately 600bp) can be shortened to 173bp and maintain expression
in most cell types [356].

Where transgenes and/or promoters cannot be truncated, dual or triple rAAV gene strategies,
where the cassette is split over multiple vectors, can be used [319, 356]. By splitting coding
sequences for Factor VIII proteins into heavy and light chains and delivering them separately in
a dual rAAV strategy, transgene functionality and long-term phenotypic corrections for
Haemophilia A were achieved [359, 360]. Dual strategies have also been used to treat
oculopharyngeal muscular dystrophy where two different transgenes were required; one to
inhibit the expression of the endogenous mutated gene and a second to induce the expression of
the same sequence-optimised transgene. Individually these methods were ineffective however,
the dual strategy increased muscle strength and decreased degeneration [361]. The authors noted
that this dual AAV method could be applied to other neurological gain-of-function aggregate

pathologies such as Parkinson’s Disease, Alzheimer’s Disease and Huntington’s Disease [361].
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1.3.2.3.2.2 High viral loads

rAAV dosing is a compromise between efficacy and toxicity. In animals, typical doses range
from 10* to 10*3 vector copies, but in non-human primates and humans, vector copies have
exceeded 10, and are particularly common in applications that use systemic delivery [338].
Zolgensma, FDA-approved for spinal muscular atrophy, systemically delivers 1.1 x 10 vg/kg
of an AAV9 capsid driven by a non-specific promoter for survival motor neuron protein
expression (NCT03306277)[362]. Simiarly, clinical trials for DMD-targeted therapies
systemically deliver 2.0 x 10 vg/kg of rAAVrh74 (an NHP-derived serotype similar to AAV8)
driven by a muscle-specific promoter (MHCK?7, [363]) for micro-dystrophin expression [364].
While functionally effective results are achieved, and administration is typically well tolerated
[362, 364], high viral loads have been reported to increase immunogenicity, liver injuries, and
other side effects. Recently the manufacturer of Zolgensma reported two fatalities due to acute
liver failure [365], and transient (non-lethal) liver failure has also been reported [337]. A clinical
trial using AAVS to treat X-linked myotubular myopathy similarly reported three patients
experiencing severe hepatotoxicity, two of whom died. These patients had received a ‘high
dose’ (3 x 10** vg/mL) of the AAVS8 construct, and those treated with a low dose (1 x 10
vg/kg) exhibited no liver-related adverse events [350]. These outcomes are supported by studies
in non-human primates (2 x 10 vg/kg), where severe toxicity and liver failure resulted in 1 of 3
animals being euthanased [349], and in ex vivo studies (primary human hepatocyte mixed
cultures) where the ‘high dose’ (1 x 10 vg/cell) produced innate immune responses, and the
‘low dose’ (1 x 10*®) did not [334]. This highlights the importance of minimising viral doses
and targeted AAV administration (systemic delivery requires higher viral loads [338]).

High viral loads are often associated with wild-type rAAVs due to their liver sequestering [344],
and systemic delivery and the associated dilution of the viral product [338]. As previously
stated, engineered serotypes that actively detarget the liver and enhance targeted transgene
expression (e.g. [344, 345, 354]) may reduce the required loads for therapeutic efficacy and,
subsequently, the risk of toxicities. Tissue-specific promoters can minimise the potentially
harmful effects of off-target expression [319, 330], and compared to systemic delivery,
intramuscular injections typically have low vector dissemination to non-targeted tissue [366],
are less susceptible to pre-existing anti-AAV humoral immunity [367, 368], and are associated
with fewer serious adverse events [323]. Targeted delivery allows reduced viral loads, with
clinical trials administering a maximum of 7.5 x 10 vector copies versus 1.5 x 10*' for

systemic administration [338].
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Viral dosage is application-specific and depends on many factors, including the route and
location of vector administration, the AAV variant, and the transgene. Controlled dose-
dependent studies, focussing on transduction efficiency and immunogenicity, are required to

establish optimal application-specific dosages.

1.3.2.3.2.3 Immune responses to rAAVs

rAAVs were initially described as non-immunogenic; however, as research expanded from mice
to larger animal models and humans, it became evident that administration can trigger immune
responses to the capsid and the/or transgene [335, 369]. It remains accepted that rAAVs are not
strongly immunogenic, likely due to the ITRs being the only viral elements. Viral peptide
presentation on MHCs is minimal, as is the intensity of cellular immune responses. Despite this,
humoral and cellular immune responses are one of, if not the most frequently cited, barriers to

efficient rAAV-mediated gene therapies in clinical practice.

Anti-AAV antibodies develop within hours of AAV exposure and can limit transduction when
rAAV-mediated gene therapy is delivered intravenously or intramuscularly [313, 348]. Wild-
type AAVs are endemic in the human population, and due to high serotype cross-reactivity, the
human population also have high rates of anti-AAV antibodies [340, 346, 367, 370]. The
prevalence of anti-AAV antibodies for specific serotypes varies from 30 to 70% of the
population [346]. Clinical trials frequently exclude subjects based on pre-existing antibody
titres, regardless of whether they are neutralising. For instance, DMD-related clinical trials have
required either anti-AAVrh75 antibody titers < 1:400 [364] or the complete absence of anti-
AAV9 neutralising antibodies (NAbs) [371]. Moreover, after the initial administration of an
rAAYV therapy, a previously seronegative patient may be excluded from future therapy re-
administration [370]. While anti-AAV antibodies have long been considered the leading cause
of therapeutic failure [367, 372-374], mixed evidence exists. Binding anti-AAVs (non-
neutralising antibodies that recognise the capsid but do not neutralise it) have increased
transgene expression in the liver [374], and anti-AAV NAbs have altered rAAV tropisms and
directed vector particles to the spleen [375]. While high rAAV doses may combat pre-existing
antibody-induced reductions in transduction, this increases the risk of peripheral toxicities and

innate immune responses [335].

Where circulating antibodies develop rapidly in response to rAAV or AAV administration, T
cell responses to novel antigens are much slower and are associated with losses in established
transgene expression [367, 370, 376]. In an early study investigating clotting factor 1X over-
expression in the liver of hemophilia B patients, T-cell mediated immune response produced

elevated blood levels of liver enzymes and reversed the successful factor 1X over-expression
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[367]. Like anti-AAV antibodies, AAV-specific memory T cells can recognise multiple rAAV
serotypes [376].

With the increasing use of rAAVs in clinical trials, many studies have proposed strategies to
minimise the effects of pre-existing immunities or reduce immune responses in AAV naive
subjects. As previously noted, tissue-specific promoters can minimise off-target effects and
immune responses [319, 330, 335, 336], and engineered rAAVS are less susceptible to immune
surveillance and responses due to patient naivety and can be engineered to evade neutralising
antibodies [371][346]. Alternatively, empty viral capsids injected alongside the transgene-
containing capsid act as decoys and prevent NAbs from inhibiting internalisation and transgene
expression [377]. Crosslinking synthetic polymers onto AAV vectors can reduce NAb
recognition, innate immune responses and adaptive immune responses to enhance gene transfer
and allow repeat administration [378, 379]. AAV vectors associated with extracellular vesicles
can also evade pre-existing NAbs and, compared to standard non-enveloped AAV vectors, have
produced 4000-fold greater transduction in mice [380, 381]. Finally, plasmapheresis can also
effectively reduce NAD levels [382].

Adjunct pharmacotherapies are commonly prescribed in clinical trials to minimise
immunological risks. Transient immunosuppressive and corticosteroid treatments are commonly
used [338], and effectively suppress T cell-mediated responses [373, 383, 384] and the
development of anti-AAV antibodies [348, 385]. Moreover, rAAV vector re-administration is
possible when the initial rAAV dose is administered with synthetic vaccine particles
encapsulating immunosuppressants [386]. rAAV administration may also prove feasible in
patients with pre-existing anti-AAYV antibodies following endopeptidase infusions that degrade
circulating antibodies. This approach has been successful in formerly anti-AAV seropositive
mice, non-human primates and human plasma samples in vitro [387]. While various
pharmacotherapy interventions have succeeded in evading pre-existing immunities and the onset
of immune responses, there is significant variation between studies with different anatomical
targets, rAAV serotypes and animals. For instance, dexamethasone (glucocorticoid) improves
AAV9 transduction of the liver but reduces transduction of the heart following retro-orbital
injections in mice [388]. Similarly, prednisone (corticosteroid) reduces cytotoxic T-cell
infiltration of muscle after intravenous rAAV injection in non-human primates [389] but does

not affect transgene expression after intramuscular rAAV injections in mice [390].

Tissue type and route of administration influence immune responses to rAAVs [391, 392]. With
direct tissue permeation, AAV vector and NAb contacts are minimised [393]. Intramuscular

injections, in particular, allow only modest vector dissemination outside the target tissue [392],
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are associated with low adverse events versus other administration routes [323], and pre-
existing NADbs have also shown less impact on transgene expression. In rhesus monkeys with
pre-existing AAV8 NAD titers of 61:160, there was no effect on expression levels, and re-

administration was possible [368].

The transgene product can also trigger immune responses. In the case of optogenetics, as opsins
are typically phylogenetically distinct from human cells, human immune systems will consider
them “foreign’. As the only optogenetics-based clinical trials are for retinitis pigmentosa, where
the viral vector is administered via intravitreal injection, and transgene expression occurs in
retinal ganglion cells [394-396], data is limited. In preclinical rodent studies, intravitreal
injection of AAV2-ChR2 produced low and clinically insignificant levels of ChR2-specific
antibodies, and while there was recognition by T cells, inflammation-like immune reactions
persisted for only one month after injections [396]. Similar results have been reported with the
expression of other ChR variants [395]. As the eye is considered immune privileged [397], these

results cannot be directly translated to opsin expression in other tissues.

Immunogenicity following opsin expression in the peripheral nervous system has also been
studied. In rats, anterior compartment injections of AA6 and opsin expression in the peroneal
nerve, resulted in the detection of ChR2-specific antibodies, and ChR2-mediated
immunogenicity was confirmed as the primary cause of opsin expression loss, motor neuron
death and ipsilateral muscle atrophy. As this occurred with low and high viral loads, it suggests
that all dosages of rAAV-mediated optogenetic expression within the PNS may be unsafe.
However, the administration of slow-release immunosuppressants subdued ChR2-mediated
immunogenicity and resulted in persistent opsin expression and functional responses to light

stimulation for up to 12 weeks [335].

Finally, it is crucial to recognise the differences in immune systems between species [376, 398].
Mice, in particular, may have very different T-cell responses compared to other animals [398],
with ‘aberrant” T-cell responses to rAAVS, where they fail to proliferate when re-exposed [399].
NHPs may also have unique T-cell responses to AAVs, which allows them to respond better to
rAAV-based gene therapy than humans [400].

1.3.3 Promoters
The promoter is a short DNA sequence that indicates where RNA polymerase commences gene
transcription. Regarding rAAV-mediated gene therapy, promoters drive transgene expression

and dictate the overall strength and cell-specificity of expression [319]. Promoters are
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considered specific or non-specific (or ubiquitous). Non-specific promoters are active in any

virally transduced cells or tissues whereas specific promoters are restricted to select tissues.

1.3.3.1 Ubiquitous promoters

Ubiquitous promoters such as CMV (cytomegalovirus promoter), CBA (chicken beta-actin) and
CAG (a synthetic promoter consisting of CMV enhancer, CBA promoter and a rabbit beta-
globin splice acceptor) produce robust gene expression across a broad range of cell types, and
are particularly suited to cases where a gene product is secreted from multiple tissues [401]. In a
2022 meta-analysis of clinical trials using rAAVs, 50% of all studies used one of these three
promoters [338]. Moreover, FDA-approved therapies for lipoprotein lipase deficiency and
spinal muscular atrophy (SMA) use CMV and CBA, respectively [401-403].

Generally, CBA and CAG produced the most robust expression of the non-specific promoters.
However, superior performance often equates to greater size, and at ~ 1.7kb, the use of CBA
and CAG in rAAV gene therapies can be restrictive. Smaller alternates such as CMV, human
elongation factor 1a subunit (EF1la) or 8 glucuronidase (GUSB) promoters (approximately
0.8kb, 1.2kb and 378b respectively) produce weaker expression but may be more suitable for
rAAV-mediated expression of larger transgenes [404-407]. CMV and CBA also have
miniaturised hybrid forms, e.g. CBh (~ 800bp [408]), that provide equivalent strong and
persistent expression while allowing greater packaging capacity for other sequences.

While powerful, non-specific promoters can cause over-expression [409-411] or off-target
expression [412-414], including that in antigen-presenting cells [415] and liver cells [337] that
can trigger immune responses and toxicities. Finally, non-specific promoters, particularly CMV,
are prone to inactivation or ‘silencing’, which can result in varied expression levels in different

cell types or loss of expression over time [406, 416-418].

1.3.3.2 Tissue-specific promoters

In comparison, tissue-specific promotors limit the potential for of over- or off-target expression
[319, 330, 335]. Various tissue-specific promoters exist; human synapsin (hSyn) and
Calcium/calmodulin-dependent protein kinase Il (CaMKII) restrict expression to neurons [274,
279], glial fibrillary acidic protein (GFAP) promoters restrict expression to astrocytes [419] and
muscle creatine kinase (MCK), desmin and their derivatives restrict expression to muscle [330,
389]. Unlike non-specific promoters, tissue-specific alternatives are inert in antigen-presenting
cells [416] and the potential for leakage of rAAV particles and resultant unwanted expression

correspondingly, is reduced [319]. Moreover, due to attenuated immune responses and lack of
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promoter silencing [416, 417], tissue-specific promoters typically improve transgene expression
longevity [330, 416, 420].

The use of tissue-specific promoters can come at the expense of expression levels and size [416,
417, 421]. For example, the 6.5kb MCK is incompatible with rAAVs, and the standard
truncated version is still relatively large (3.8 to 4.2kb) and typically produces weaker transgene
expression than non-specific promoters [330, 331]. However, when modified, achieved by
ligating a modified MCK enhancer sequence (2RS5) to a highly truncated MCK basal promoter,
produced novel alternatives containing double or triple enhancers (IMCK and tMCK,
respectively) with significantly higher expression levels [330]. In this de novo form, tMCK
drove improved expression specificity and persistence compared to CMV [422], and clinical

trials for DMD have generated strong expression in patients for up to three months [423].

Enhancer elements and modifications can be employed if tissue-specific promoter-induced
expression remains insufficient. Post-transcriptional regulatory elements such as WPRE can
boost expression and prevent long—term silencing [404], and CMV enhancers with tissue-
specific promoters have induced tissue-specific expression levels greater than non-specific
promoters alone [424]. In mice, MCK enhancer sequences combined with a robust, ubiquitous
promoter (SV40) have successfully induced long-term expression (over six months) with
enhanced tissue specificity, transcriptional activity and expression longevity by reducing
immune responses, significantly improving CMV or CAG promoter results, where expression

was maintained for only a few weeks [416].

1.3.4 Restoration of skeletal muscle function

Skeletal muscle is innervated by motor neurons whose cell bodies cluster in elongated motor
nuclei within the brainstem or spinal cord. Upon reaching the muscle, motor neuron axons
extensively branch to innervate a few to several thousand muscle fibres. As each branch
approaches a single fibre, it splits and forms clusters of terminal branches whose tips expand
and form small synaptic bulbs, which form neuromuscular junctions along the muscle fibre.
When synaptic inputs exceed motor neuron depolarisation thresholds at the brainstem or spinal
cord, an action potential propagates along the axon to the muscle fibre. At the neuromuscular
junction, the action potential triggers the release of acetylcholine, which stimulates ion channel
receptors on the muscle cell surface. Channel opening allows calcium influx, and the ensuing
opening of voltage-gated sodium channels initiates the spread of depolarisation along the

muscle cell and eventual muscle contraction [425-428].
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Motor units, i.e. a motor neuron and associated myofibres, vary in size and composition. Small
motor units typically consist of a small number of Type | myofibres that contract slowly,
generate low forces, and resist fatigue. With fewer parallel ion channels across a smaller surface
area, reduced myelination, and higher input resistances, small motor neurons respond to
synaptic currents with larger membrane potential changes and more efficient action potential
generation. Consequently, small motor units are quickly recruited for tasks requiring precise and
sustained control. In contrast, large motor units are typically composed of Type Ila and Type 1Ix
myofibres. These fibres contract faster, generate large forces and fatigue quickly. They are
recruited after small motor units for tasks requiring short-term, maximal forces [425-427, 429,
430].

Where there is damage at any stage of the described pathway, skeletal muscle function can be
disrupted or lost. Currently, the only clinically available method of restoring muscle function is
via electrical stimulation of the peripheral nerves. Unfortunately, this is not feasible in all

patients.

1.3.4.1 Electrical stimulation

Restoration of skeletal muscle function typically has been attempted via electrical stimulation
applied directly to the muscle or indirectly via the descending motor tract. Clinically, direct
stimulation is difficult due to large power requirements and indiscriminate co-activation of
surrounding tissues, potentially resulting in poor contraction specificity and unwanted pain,
sensation or movement [431]. Moreover, the mechanical and coordinative complexity and the
variety and episodic nature of skeletal muscle generated movements, create significant barriers
for clinical translation due to the associated hardware requirements. For instance, Hasse and
colleagues (2022) [432] demonstrated progress in in achieving a repertoire of upper limb
movements in monkeys by combining machine learning with kinematic and EMG data. The
produced artificial neural network aimed to predict activation patterns associated with new
movements. While the predicted patterns and associated stimulation trains generated upper limb
movements good fidelity in some cases, substantial error was observed in others [432]. Notably,
this protocol required 29 pairs of electrodes (with 58 electrode leads) to be chronically

embedded within the muscles of the upper limb [432], thus limiting its clinical applicability.

In contrast, indirect electrical stimulation, or ‘functional electrical stimulation’ (FES), typically
target spinal circuits below the lesion [433], or motor axons that innervate the targeted muscle

[432]. These techniques are more clinically feasible, and have been used to successfully restore
upper airway function in OSA patients [12, 13] or limb function following spinal cord injury or

stroke [433-435]. However, like direct electrical stimulation, significant challenges remain
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when aiming for ‘complex’ movements, and early applications tended to produce indiscriminate
activation of local, non-targeted motor nerves and/or afferent sensory nerves [436]. That being
said, more recent studies have achieved greater success. In three individuals with complete
sensorimotor paralysis, a novel paddle electrode was precisely implanted, utilizing a novel
computational framework, to target an ensemble of dorsal roots associated with leg and trunk
movements. Within one day, activity-specific stimulation protocols elicited standing, walking,
cycling, swimming, and trunk control movements, although these movements did not resemble

typical endogenous movements [433].

While these advances are promising, electrical stimulation for skeletal muscle control faces
several challenges. First, all applications require invasive surgery and precise electrode
positioning [432, 433, 437]. Slight deviations in positions can result in varied activation patterns
and/or activation of sensory afferents or non-targeted muscles. Second, motor unit recruitment
via FES has typically been thought to occur in a ‘reverse’ or ‘random’ order, with larger and
fatigable motor units preferentially recruited due to low input resistances [438-441]. As such,
the metabolic cost of FES-induced muscle contractions is high, and rapid muscle fatigue occurs
[439, 442]. Moreover, prolonged contractions require continued activation of the same fibres,
and reactivation of electrically fatigued fibres is not possible [439]. Conversely, studies using
epidural stimulation of the spinal cord have demonstrated both orderly and reverse motor unit
recruitment in patients with chronic motor complete spinal cord injury [443]. Fatigue can be
reduced via low frequency stimulation which recruits a greater proportion of slow-twitch,
fatigue resistant fibres [444, 445], or via the application of multiple electrodes that recruit
multiple motor axons [446]. However, regardless of the method employed, the total duration of

FES should be limited, particularly when ‘optimal’ stimulation frequencies are used [445].

Currently, applications of FES are best suited to cases where motor neurons and neuromuscular
junctions are intact, and coarse control with high but fatigable output is acceptable, e.g. where
one motor neuron or peripheral nerve innervates a singular muscle group, performing a binary
‘on’/’off” task. Achieving efficacy in cases where a peripheral nerve innervates multiple muscle
groups and is responsible for executing complex or multiple actions will pose greater

challenges.

1.3.4.2 Optogenetic stimulation

Compared to FES, indirect and direct optogenetic stimulation generate comparable contractile
forces, and enhanced contractile control and resistance to fatigue [254, 439, 447]. Importantly,
optogenetic stimulation preserves normal physiologically orderly recruitment of motor units

[439, 440, 448], offering potential for finely controlled chronic and dynamic activation.
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The high stimulating currents and subsequent risks of tissue heating and damage associated with
electrical stimulation are lesser concerns with optogenetic stimulation, provided stimulation
parameters are maintained within recognised safe bounds [279, 280, 449-451]. These risks can
be further reduced with highly photosensitive opsins and/or red-shifted opsins that minimise
light intensity requirements [267, 452]. Heating of implanted optical stimulation devices is a
valid concern, particularly for preclinical to clinical translation. Fortunately, numerous
strategies and technologies are being developed to overcome these challenges, including novel
powering strategies, fibre optics, heat sinks and transdermal illumination which negates the
need for implanted devices [253, 271, 453, 454].

Optogenetic stimulation of motor neurons and myofibres can be achieved invasively via
surgical exposure and illumination of the targeted tissue [279, 455], implantation of optical
devices e.g. optical nerve cuffs [440, 456] and optic fibres [455], or non-invasively by
transdermal or transcranial illumination [279, 439]. While transdermal illumination was initially
considered impractical due to high levels of blue light attenuation in biological tissue [457], this
is likely to be more achievable with the recent development of highly photosensitive opsins
[281] and red-shifted opsins [267, 452]. Activation of ReaChR opsins (red-light sensitive) in the
rat vibrissa motor cortex through the skull elicited stronger whisker motions compared to blue-
light sensitive ChR2 opsins in the same location. Reliable motion was achieved with the light
source up to 1 cm above the skin surface [452]. Similarly, transdermal illumination has induced
rodent hind limb muscle contractions and movements. Alternating contractions of the
gastrocnemius and tibialis anterior were generated using two-colour transdermal illumination of
spectrally different opsins expressed in the same mixed nerve [274]. In another study,
transdermal illumination of the triceps surae muscles induced contractions with the light source
located 1 cm above the intact musculature and skin [254]. Positioning of light sources requires
significantly less precision than electrodes in FES, and they can remain a distance from their
targets without unwanted activations of other muscles, nociceptors or otherwise. Therefore the

risk of motor neuron and myofibre damage and inflammation [439].

1.3.4.2.1 Indirect optogenetic stimulation

Research investigating indirect optogenetic activation of skeletal muscle typically employs
ChR-transgenic animals [439, 440, 455] or achieves opsin expression in motor neurons by
intramuscular rAAV injection(s). Intramuscular injections frequently use AAV6, and neuronal
promoters such as hSyn to target motoneurons. The optogenetic construct migrates retrogradely,
and opsin expression occurs along, and is limited to, the innervating motor neurons specific to

the injected muscle [274, 279, 439, 458]. This minimises any effects of incidental illumination
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of adjacent motor neurons, afferent sensory neurons or the injected muscle itself [274, 279,
456]. For instance, the sciatic nerve bifurcates into the tibial and peroneal nerves which
innervate the gastrocnemius and tibialis anterior respectively. Following rAAV injection into
the gastrocnemius, and retrograde transport and opsin expression, illumination of the entire
sciatic nerve induced muscle contractions in the gastrocnemius alone [274, 279, 456]. This
allows muscles innervated by nerves too short, too deep or too highly branched for effective
optic stimulation at the innervation site (e.g. the piriformis, vastus intermedius or laryngeal
muscles), to be stimulated ‘upstream’ in a mixed nerve. Importantly, and unlike FES, selectivity
for the specific muscle is retained with this strategy, and off-target activation of sensory
afferents does not occur [274, 456].

Optogenetics is particularly promising for applications requiring closed-loop and activity-
guided stimulation, where muscles are recruited in a cyclical and orderly manner, and/or in
response to physiological conditions. Indirect optogenetics has been successfully applied to
control respiratory muscles that drive airflow, e.g. illumination of the phrenic nerve to drive
diaphragm contractions [459], and muscles that maintain airway patency, e.g. illumination of
the hypoglossal motor nucleus to drive upper airway muscle contractions [455]. Limb muscles
have also been targeted via the peroneal and tibial nerves in rodents [274, 279, 439, 440, 456]
and non-human primates [460]. Illumination has resulted in the restoration of muscle activity in
the hind limb and tongue in-sync with stimulation protocols [274, 279, 439, 440, 455, 456], as
well as the restoration of diaphragmatic activity that persisted long after (~24 hours)
illumination ceased (albeit at a reduced amplitude) linked to endogenous respiratory activity

rather than the illumination protocol [459].

Optogenetic stimulation also allows greater titratability of muscle activity and contractile forces
than FES.Responses can be modulated with stimulation protocol — muscle recruitment increases
with greater optical power, but responses to variations in pulse width and frequency depend on
the opsin expressed [272, 439]. Illumination of ChR2(H134R) results in brief and distinct
muscle activations with each pulse applied. When longer pulses are used, e.g. 20ms pulses,
decreases in activity with sequential pulses are observed at all frequencies [455, 460]. Shorter
pulse durations, e.g. 5ms, result in similar declines at higher frequencies (>25Hz) however, at
low frequencies, each light pulse produces a distinct and consistent muscle activation [456,
460]. Declines with sequential pulses are typically attributed to opsin desensitization and slow
channel kinetics rather than muscle fatigue or progressive reductions in neurotransmitter release
at the motor end plate [456, 460]. While ChR2(H134R) has faster kinetics than ChR2 due to its

H134R gain of function mutation, optimal performance is typically restricted to frequencies
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under 25Hz [456, 460]. However, improved performance and tunability of muscle activation
can be achieved with ultra-fast opsins whose faster kinetics allow high-frequency protocols up
to 200Hz [272], and can produce finely controlled tetanic contractions with high temporal
resolution [268, 272, 461].

Optical stimulation can maintain muscle activation by recruiting additional fibers or reactivating
optically fatigued fibers [439]. Indirect optical stimulation (1 Hz) can induce sustained tetanic
tension for over 20 minutes, whereas FES-induced tension rapidly declined after onset,
maintaining an equivalent tension for ~ 20 seconds and dropping to zero after 4 minutes [440].
Periodic activation via FES still induced fatigue at approximately 20 seconds, and further
increases in stimulation could not maintain contractions. Opsin reactivation then permits a
gradual return to and maintenance of chronic cyclic plantarflexion [439]. Optogenetic
stimulation also allows alternating motor neuron recruitment with sub-maximal stimulation
levels, thus enabling reactivation and persistent periodic activation. This suggests that opsin-
expressing tissues undergo cyclic sensitivity and are amenable to long-term, fatigue-resistant
stimulation [439].

Unlike FES, opsin expression in the PNS and CNS are subject to immune responses, and ChR-
mediated immunogenicity has produced motor neuron death and muscle atrophy [335]. While
the immune responses were inhibited using slow-release tacrolimus pellets, caution is required

when targeting these systems [335].

Finally, the efficacy of indirect optogenetic stimulation of skeletal muscle depends on the
integrity of the motor neurons and neuromuscular junctions. Accordingly, it is unsuitable for use
in conditions where there is axonal damage/degeneration such as in amyotrophic lateral
sclerosis (ALS). While restoring innervation and function via transplanting ChR2 expressing
embryonic motor neurons or motor neurons derived from pluripotent cells is feasible [462, 463],
this approach has significant technical and biological restrictions that hinder clinical

applications. Direct optogenetic stimulation of skeletal muscle overcomes many of these issues.

1.3.4.2.2 Direct optogenetic stimulation

As the name suggests, “direct’ optogenetic stimulation of skeletal muscle cells entails opsin
expression and light stimulation applied directly to the muscle. Direct optogenetic stimulation
has been achieved as proof-of-concept [235, 254, 255] and could overcome the risks of
neurally-targeted therapy [335]. To date, four studies report direct optogenetic stimulation of
skeletal muscle. Two used ChR2(H134R)-transgenic animals with complete or near complete

opsin expression and demonstrated strong light-evoked muscle contractions in explanted soleus

53



muscle, laryngeal muscles [235], and triceps surae muscles [254]. Contractions were also
achieved in denervated, but intact triceps surae muscles following transdermal illumination
[254]. Continuous illumination of muscle produced transient force generation, with an initial
peak in activity followed by an eventual decline to baseline levels [235, 254]. In the laryngeal
muscles, this equated to initial vocal cord opening and subsequent reclosure [235]. In contrast,
pulsed illumination produced strong and sustained forces that could be modulated with light
intensity, pulse duration and pulse frequency. Increased light intensity produced greater force by
efficiently traversing tissue and activating more myofibres expressing ChRs [235, 254].
Increased pulse widths initially increased force generation [235, 254]. Bruegmann et al found
that these increases plateaued at ~50 ms pulse widths (maximum duration tested was 150 ms)
[235]. In contrast, Magown et al found that the generated forces plateaued between 10 and 100
ms, but further increased when illumination exceeded 100 ms (to 1,000 ms) [254]. Both studies
found higher frequencies of pulsed illumination produced greater forces [235, 254]. Low
repetition rates (< 10 - 20 Hz) produced incomplete tetanic contractions with brief relaxations
between light pulses, but frequencies exceeding ~ 30 Hz produced tetanic contractions [235,
254]. Efficacy then reduced when frequencies exceeded 40 Hz [235], likely due to
ChR2(H134R)’s slow off-kinetics which precluded repolarization (time constant of deactivation
~ 20 ms [265]). 10 ms and 40 Hz stimulation of the laryngeal muscles produced maximal vocal
cord opening, however with the optimization of duty cycles to minimize the risk of
photodamage, 2 ms pulses at 40 Hz was considered the optimal protocol [235]. Importantly,
optimised pulsed illumination protocols were able to generate forces equivalent to those
achieved via electrical stimulation [235, 254], and the greatest forces generated using
optogenetics were approximately 84% of the greatest forces generated by the most effective
electrical stimulation protocol [235]. Fatigue was comparable to that seen with FES protocols
when 350 ms long stimulation patterns were repeated 10 minutes [235], but optical stimulation

was found to be inferior when similar protocols were applied over 2 minutes [254].

While these results in transgenic animals are promising, implementation of optogenetics in
humans requires gene transfer. To date, three studies have used rAAVSs for opsin expression in
laryngeal muscles, the diaphragm and more recently (2023) the tongue [235, 255, 464]. All used
a standard rAAYV serotype, rAAV9 and a non-specific promoter to drive the expression of a
standard channelrhodopsin variant (ChR2(H134R) [235] or ChR2 [255, 464]) fused to a
fluorescent reporter protein for expression visualization [235, 255, 464]. In Bruegmann et al.
(2015) [235], systemic injection into the left jugular vein of 2 x 10! genome copies produced
ChR2(H134R):mCherry expression in only 10.2+3.6% of the posterior cricoarytenoid muscle

fibres four weeks after administration, and pulsed illumination produced a poor functional
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response in explanted larynges with transient vocal cord opening, which declined to baseline
during stimulation [235]. In Benevides et al. (2022), which exclusively looked at rAAV-
mediated opsin expression, 6.12 x 10! genome copies delivered to the diaphragm via
microinjection to the intrapleural space produced ChR2:mVenus expression in 18+2% of
diaphragm myofibres. Expression levels remained up to 18 weeks after vector administration,
and in a paralysed diaphragm (in vivo), pulsed illumination applied via a laparotomy evoked
diaphragm EMG potentials and contractions sufficient to generate respiratory airflow [255].
Similar results were recorded in the tongue following intralingual injections of the same
construct (8.29 x 10 genome copies). Light-evoked EMG responses recorded while the animal
was anaesthetized, and light stimulation was applied intraorally to the tongue [464]. As in the
transgenic animal experiments, responses to light stimulation could be graded by altering
stimulation protocol, with EMG amplitudes increasing with intensity or duration of the light
pulse [255, 464].

The aformentioned studies provide initial proof of concept for direct optogenetics for skeletal
muscle, however significant work is required prior to clinical translation. Greater muscle-
specificity and intramuscular injections have been recommended for improved rAAV-mediated
opsin expression [235] and may aid in reducing off-target expression and systemic distribution
of the rAAV and subsequently reduce the risk of immune responses and improve safety [323].
Advances in vial transduction and opsin technology may aid this. Novel AAV serotypes [344]
and muscle-specific promoters [330] have generate stronger expression in muscle fibres [330,
344] and liver detargeting [344]. Ultrafast opsins may increase efficacy at greater frequencies
[268, 272, 461], and due to the superior penetration of red-light, red-shifted opsins may
facilitate stronger light-evoked muscle contractions at greater tissue depth [267, 452].
Additional considerations for clinical translation, including immune responses to rAAV
administration, biodistribution of viral particles and off-target gene expression, also need

systematic research.

1.3.5 Optogenetics technology

Successful optogenetic activation of skeletal muscle requires an efficient light delivery method
to the target tissue. Optogenetics in animals began in neural applications with ‘tethered’
hardware, i.e. external light sources connected to surgically implanted optical fibres protruding
into brain tissue and secured to the skull. Naturalistic behaviour was impossible [465] and tissue
damage was common due to the stiffness mismatch between hardware and surrounding soft
tissues [466, 467]. On the other hand, tethered systems benefit from comparatively unrestricted

optic power, ease of device manufacture, surgical implantation, and data acquisition.
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Lightweight and flexible patch cables and rotary joints can relieve torsional stress during
movement and aid natural behaviour. Early ‘wireless’ hardware requires bulky externally
mounted stages affixed to static bony structures (typically the skull), have limited battery lives
and therefore limited experimental durations/protocols. Movement remains somewhat restricted,
and the bulky devices present a potential danger to the animal and its cage mates [468]. Both

systems (tethered and wireless head-mounted) increase the risk of infection at the interface site.

However, optogenetic technology in animals is rapidly evolving, and advances in material
science, wireless power and data transfer, and hardware miniaturisation allow light stimulation
to be delivered by wireless and completely or partially implanted devices that allow free animal
behaviour, with minimal tissue trauma and environmental risks [469-473]. Robust but soft, thin,
bendable and stretchable materials minimise potential damage to the device and the surrounding
tissues during implantation and natural post-surgery movements [466, 467]. Technologies such
as ‘serpentine-shaped’ electrodes on hyperelastic substrates [474] or soft, polymer-based
kirigami [472, 475] or mesh structures [476] with integrated LED chips and recording
electrodes aim to conform to tissues (e.g. heart), minimise damage and allow natural tissue
movements (e.g. heart beating) by minimising mechanical mismatch [472, 474-476].
Additionally, the versatility of these stretchable and bendable materials increases the
accessibility of complex and dynamic tissues. Indirect optogenetic stimulation of skeletal
muscle can be achieved via novel optic cuffs with LEDs implanted along the internal diameter.
Spiral optic cuffs around the sciatic nerve were well tolerated by awake and moving mice, and
successfully stimulated contractions specific to the muscle that received rAAV injections [456].
Nerve cuffs have also been developed to simultaneously record neural activity and deliver light
stimulation to peripheral nerves. One such cuff successfully monitored and altered limb position

in freely moving animals [477].

Additional options are available when the muscle or neural targets cannot be effectively reached
with visible light due to complex anatomy that restricts local device implantation and/or
significant tissue depth that restricts transdermal illumination. ‘Luminopsins’ are fusion proteins
of luciferase (light-generating protons) and opsins (light-activated proteins) which can be
activated by extrinsic and intrinsic light sources. Luciferase bioluminescence is triggered by
injections of the equivalent luciferin, which can then trigger opsin activation. While this method
cannot achieve temporally precise activation, it can sensitise cells to fire action potentials in
response to subthreshold synaptic currents, be they endogenous or technologically derived.
Luminopsins also allow greater volumes of opsin-expressing tissue to be activated, as the light

source is not limited by light attenuation but is fused to every opsin [478-480].
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Another approach that has been explored is the use of embedded nanomaterials that convert
wavelengths such as focused ultrasound or near-infrared light (NIR) to visible wavelengths,
allowing distant muscle to be reached by subcutaneous or transcutaneous devices. Lanthanide-
doped upconversion nanoparticles (UCNPs) locally convert NIR light into the visible
wavelength required for opsin activation. A small UCNP device (~2 mm long, ~500 um
diameter) implanted in the spinal cord evoked hind limb EMG activity in ChR2 expressing
rodents with transdermal pulsed NIR stimulation [481]. Alternatively, zinc sulfide nanoparticles
co-doped with trace amounts of silver and cobalt can be injected into the bloodstream, charged
with 400nm light when passing through superficial vessels, and subsequently triggered with
ultrasound to emit blue light in deep tissues to stimulate ChR [482]. Finally, radioluminescent
nanoparticles, which absorb external x-rays and emit photons with wavelengths of ~ 610 nm,
have been used for transcranial stimulation of deep cortical structures where neurons express
red-shifted ReaChR [483].

1.3.5.1 Translation into human applications

Despite the rapid technological advancements in preclinical settings, the equivalent technology
required for human translation remains in its infancy. While some advances from preclinical
research will translate well, i.e. materials advances such as flexible substrates and/or mesh-like
materials with embedded electronic components, several hurdles remain. A key issue is the poor
penetration of visible light through the much larger human muscles (preclinical research is often

conducted in rodents), and the associated scaling of technology.

Optogenetics in humans is currently limited to clinical trials for retinitis pigmentosa, where
visual function can be partially restored. Unlike all but the most superficial skeletal muscle
cells, retinal ganglion cells are optically accessible, and stimulation of the ChrimsonR (a red-
shifted opsin) expressing cells is possible via red-light projected by goggles that detect changes
in local light intensity [484]. For light delivery to most skeletal muscles, optogenetic control
will need either implanted light sources or external light sources delivering light at wavelengths
that can penetrate into the target tissues. Moreover, while indirect optogenetic stimulation of
muscle may be able to adapt existing technology used in electrical stimulation of peripheral
nerves, by substituting electrical for light stimuli [12] and nerve cuffs used in preclinical
optogenetic applications [477], direct muscle optogenetics will likely require significantly
greater technological innovation due to the complexity of delivering light to contracting

muscles.

Hardware for light delivery to skeletal muscle will depend on the location and size of the target

muscle. While superficial muscles may potentially be transcutaneously stimulated by wearable
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devices (e.g. the small and relatively accessible upper airway muscles, such as those within the
tongue, are involved in breathing, swallowing and/or speech, and accessible via the oral cavity),
deep muscles, e.g. the diaphragm, may require surgically implanted light sources and/or the use
of nanoparticles that locally convert highly penetrating wavelengths (NIR or ultrasound) to
visible light wavelengths [481, 482] as described above When implanted devices are used,
LEDs can be implanted near or within the target muscle or alternatively where space is limited,
remote light sources can connect to optical fibres whose tips are near or within the target
muscle. Due to the size of many human muscles, single LEDs or optical fibres will likely be
insufficient for all but the smallest of muscles targeted. LED arrays, or optical fibres with
splitters, multiple mirrored exposed points, or tapered ends are potential solutions to maximise
the field of illumination [472, 475, 476, 485]. However, these methods come at the cost of
optical power, as each light emitting site will reflect only a portion of the power generated by a
single primary light source. The use of multiple light sources, on the other hand, increases
power requirements and subsequent risk of tissue damage. It is worth noting that heating
induced damage can typically be mitigated by considered selection of stimulation parameters
(i.e. pulse width, frequency, duty cycle etc.) [235, 248, 453] and, while the degree of heating is
application-specific, most pre-clinical devices report operational temperature increases of less
than 1°C [252, 470], well below the ~2°C safety threshold for implanted biomedical devices
(1SO-14708-1), and irreversible tissue damage [486, 487].

Optogenetic stimulation devices must be integrated with any required sensing and control
hardware, plus a power source, and novel technology used in preclinical may be feasibly
translated to clinical applications. Existing clinically approved electrical devices already use
‘closed loop’ stimulation, e.g. some hypoglossal nerve stimulators use pressure sensors
implanted in the extrapleural space to detect inspiration onset, and novel technology e.g.
implanted stretchable strain gauges encircling the target muscle to identify pathological
behaviours have also been proposed to as inputs to control delivery of optogenetic stimuli [252,
488]. In contrast, transdermal devices may use more basic technology such as external inertial
measurement units to monitor joint velocity and angle and control limb position and movement,
e.g. in patients with foot drop as a result of a neurological, anatomical, or muscular problem
[489].

In summary, while there remain many challenges in developing technology for clinical
applications of direct optogenetic muscle control, the outlook is positive and developments are
progressing rapidly. Successful, clinically acceptable technology must address the needs to each

therapeutic application, and this requires careful consideration of the anatomy (target muscle
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size, location, and type), stimulation requirements (light penetration, intensity, temporal profile
and duty cycle) and control elements (sensors, control systems). In turn, the combination of
these parameters will define the power requirements and possible methods of powering the
system (battery, inductive power etc). Such systems must also be safe and comfortable for

patients to use and meet all the required regulatory standards for medical devices.
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Chapter 2 OPTIMISING THE VIRAL CONSTRUCT: PROMOTERS

2.1 INTRODUCTION

Inadequate activity of upper airway muscles during sleep, when combined with anatomical risk
factors ( e.g. a longer and narrower pharynx [129, 130], fat accumulation in upper airway soft
tissues, and a narrow/crowded airway [35, 98, 130-132]) is a major contributor to obstructive
sleep apnoea (OSA) [9-11]. Despite increasing OSA prevalence, due in part to aging and
overweight populations [2, 3], and the significant clinical, social and economic consequences
[4], therapeutic options remain suboptimal. ‘Gold-standard’, Continuous Positive Airway
Pressure (CPAP), is efficacious but variably tolerated, with 46-83% of patients reported to be
non-adherent [5]. Second line treatments including mandibular advancement splints, upper
airway surgery, and hypoglossal nerve stimulators have superior adherence, but variable and
unpredictable efficacy [6, 7, 490]. Of these, only hypoglossal nerve stimulation directly targets

upper airway muscle activation.

Recently, gene therapy approaches for neural and muscle cell stimulation have emerged,
including optogenetics, chemogenetics, and magnetogenetics using light, chemical and
magnetic stimuli respectively to activate genetically modified cells [16, 232, 235, 254, 491]. In
the context of OSA, a chemogenetic approach using designer receptors exclusively activated by
designer drugs (DREADDSs) targeting hypoglossal motor neurons has increased dilator muscle
tone and widened the pharynx in transgenic animals and after intralingual viral vector injections
[16, 232]. However, the safety of chemogenetic ligands and the long-term safety and efficacy of

gene therapy targeting the nervous system remain to be established.

Optogenetics involves light stimulated activation of excitable cells modified to express light-
sensitive ion channels, e.g. channelrhodopsins (ChR), an algae derived non-selective cation
channel [262]. A key advantage of optogenetics is that spatially and temporally precise control
of activity is achievable by adjusting the frequency and duration of light pulses. This enables

pain-free tetanic muscle contractions similar to electrical stimulation [235, 254, 439].

Optogenetic induced muscle contraction is commonly achieved via ‘indirect’ stimulation of
upstream motor neurons [439, 440, 456]. Unfortunately, peripheral and central nervous system
targets have been associated with motor neuron death and muscle atrophy in rats, thought to be
elicited by ChR-mediated immunogenicity [335]. ‘Direct’ optogenetic stimulation of skeletal
muscle cells, while less studied, has been achieved as proof-of-concept [235, 254, 255, 464],
and could overcome the risks of neurally-targeted therapy. Implementation in humans requires

gene transfer, such as via recombinant adeno-associated viruses (rAAVS), similar to the
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approach used for in vivo chemogenetic activation of hypoglossal motor neurons in mice [16].
Importantly, rAAV vectors are approved for use in humans for the treatment of RPE65-
mediated inherited retinal dystrophy [339] and pediatric spinal muscular atrophy [492],

demonstrating potential for clinical translation of other rAAV-based gene therapies.

The success of any gene therapy is influenced by the choice of promoter that controls gene
transcription. While non-specific promoters are more frequently used, tissue-specific promoters
that restrict gene expression to target tissues/cells minimise off-target effects and immune
responses, improving the safety profile [319, 330, 335, 336]. For muscle stimulation therapy, an
optogenetic construct that incorporates a muscle-specific promoter, packaged in an rAAV vector
that efficiently delivers it to muscle cells, has potential to overcome poor expression and
suboptimal efficacy seen with systemic delivery of non-specific promoter-driven constructs
[235]. In the context of an OSA therapy, local intramuscular delivery enables targeting of

specific upper airway muscles necessary for maintaining patency [16, 235].

The objective of the current study is to assess the potential for optogenetic stimulation of
specific upper airway muscles to effect airway dilation in a rodent model of OSA simulating
reduced dilator muscle activity akin to that experienced by OSA patients during sleep. The
specific aims of the study were to (1) identify a suitable rAAV serotype and promoter
combination for efficient, localised muscle-selective optogenetic transduction of lingual dilator
muscles; (2) characterise biodistribution of the optogenetic construct following intramuscular
tongue delivery; and (3) determine optimal optical illumination parameters to generate robust

muscle activity in phase with the respiratory cycle.

2.2 METHODS

2.2.1  Animals

All procedures were approved by the Animal Ethics Committee, Macquarie University,
Australia and accord with The Australian Code of Practice for the Care and Use of Animals.
Sprague-Dawley (SD) rats were purchased from the Animal Resources Centre (Perth,
Australia). All animals were group-housed in a dedicated housing room under a 12-hour

light/12-hour dark cycle, and food and water were available ad libitum.

2.2.2 AAV vectors

Two AAV9 vectors were used in this study, one incorporating a non-specific promoter (CAG)
and one a muscle-specific promoter (tMCK). Both vectors included a channelrhodopsin-2
variant with a gain of function substitution (ChR2(H134R)).
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The AAV9-CAG-ChR2(H134R)-mCherry vector (titre: 3.3 x 10 vg/mL) was purchased from
the AddGene Plasmid Repository. The plasmid was donated to the repository by Karl
Deisseroth’s lab (Addgene viral prep # 100054-AAV9; http://n2t.net/62ncorpo:100054; RRID:
Addgene_100054). This vector employs a strong synthetic and non-specific promoter, CAG, to
drive high levels of gene expression. This promoter combines the cytomegalovirus early
enhancer element I, the promoter, first exon and first intron of the chicken beta-actin gene (A)
and the splice acceptor of the rabbit beta-globulin gene (G) [493]. The ChR2 expression levels
can be visualised by fluorescent microscopy due to the incorporation of mCherry, a red

fluorescent protein.

A muscle-specific promoter was employed to determine whether ChR expression could be
restricted to the skeletal muscle of the tongue. Due to its size, standard muscle creatine kinase
(MCK) promoters are incompatible with viral vector applications. MCK can be condensed by
ligating a triple tandem of MCK enhancer (206-bp) to its 87-bp basal promoter resulting in a
compact (720-bp), muscle-specific tMCK promoter [330]. The muscle-specific expression
cassette sequence, pAAV-tMCK-ChR2(H134R)-mCherry, was developed by GenScript (New
Jersey, USA), and packaged into an AAV9 vector by the Vector and Genome Engineering
Facility (Children’s Medical Research Institute, Westmead, Australia). The ChR2 expression
levels can be visualised by fluorescent microscopy due to the incorporated mCherry, a red
fluorescent protein. The final product, AAV9-tMCK-ChR2(H134R)-mCherry had a titre of 9.04
x 102 vg/mL.

2.2.3 Intramuscular AAV injection

4 male SD rats received intramuscular injections of the CAG construct (mean + SD, age = 8.00
+ 0.00 weeks, weight = 278.8 + 8.93 g), and 6 male SD rats received intramuscular injections of
the tMCK construct (mean+SD, age = 8.07 + 0.07 weeks, weight = 256.5 + 9.67 g) under
general anaesthesia, induced with 5% Isoflurane in oxygen in an induction chamber and
maintained using 2-3% Isoflurane in oxygen delivered at a rate of 1 L/min through a nose cone.
Adequacy of the anaesthesia was assessed using the negative pedal withdrawal response and
was regularly monitored until the end of the procedures. Animals received an injection of

carprofen (an NSAID, 5 mg/kg) for pain relief, and cefazolin (an antibiotic, 25 mg/kg).

A 25 pL syringe (model 702 LT SYR, Hamilton Company) connected to a sterile 26-gauge
needle was used to inject 20 uL of the viral vector construct into four locations (5uL per site) in
the animal’s tongue (Figure 2-1A). The solutions were injected slowly, and the syringe held in

place for an additional 30 seconds after the injection before being slowly retracted from the
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muscle to avoid virus loss. Animals were then allowed to recover from the anaesthesia before

being returned to their cage.

These injections aimed to saturate the tongue muscles with opsin expression. This objective was
informed by prior studies utilizing electrical stimulation that observed greater airway dilation,
pharyngeal stiffening and increased airflow when multiple tongue muscles (i.e. intrinsic and
extrinsic, protruders and retractors) rather than a single muscle group was stimulated [36, 37,
46, 72].

2.2.4  Electrophysiology measurements

All tMCK animals underwent electrophysiology studies 3 weeks following vector
administration to allow for sufficient ChR expression in the tongue (mean + SD, age = 11.0 +
0.07 weeks, weight = 405.0 + 30.3g). Anaesthesia was induced using 5% isoflurane in oxygen
in an induction chamber and was maintained via using 2-3% isoflurane in oxygen delivered at a
rate of 1L/min through a nose cone. Adequacy of the anaesthesia was assessed based on the
negative pedal withdrawal response and was regularly monitored until the end of the procedure.
The animal’s body temperature was monitored via a rectal thermometer and maintained via a
temperature controlled warming blanket. The animal’s breathing rate was monitored to prevent

respiratory depression.

Genioglossus and diaphragm activity was monitored via 0.005” diameter isonel-insulated
stainless steel wire (MWS Wire Industries, CA, USA) with the hook stripped bare. EMG signals
were amplified, band-pass filtered (30 — 1000Hz; Bioamplifier from CWE Inc., PA, USA) and
sampled at 5kHz with an analogue-digital converter (CED1401 plus, Cambridge Electronic
Designs, UK). Optical stimulation (LED, 470nm) was delivered intraorally to the ventral and
posterior surface of the tongue (crosshatching, Fig.1A). Single pulses (1 to 300ms) and pulse
trains (1 to 20 ms, 10 to 60 Hz) tested. Following initial data acquisition, endogenous

genioglossus activity was reduced by gradually increasing isoflurane concentrations to 5%.

After data was acquired and with isoflurane concentration at 5%, rats were deeply anaesthetised
using sodium pentobarbitone (>200 mg/kg) and intracardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde.

EMG data was processed in MATLAB. The effect of the 470 nm light on the genioglossus was
quantified by calculating the area under the rectified EMG trace from light onset until its return
to basal levels. Adjacent stimulated and unstimulated EMG activity was collected and
‘normalised’ against the same calculations of the genioglossus activity associated with one

inspiratory phase that produced visible tongue movement prior to isoflurane induced reductions
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in activity. This produced a percentage to which the application of light restored EMG activity

to maximal levels.

2.2.5 Histology and immunofluorescence staining

Following perfusion of both the CAG (mean + SD, age = 11.0 + 0.00 weeks, weight = 406.5 £
21.8 g) and tMCK cohorts (mean + SD, age = 11.0 £ 0.07 weeks, weight = 405.0 + 30.3 g) three
weeks following the intramuscular injections, the brainstem and tongue were extracted and post-
fixed with 4% paraformaldehyde overnight at 4°C. They were then washed three times in PBS
and stored in PBS.

Brainstems were sectioned with a vibratome (Vibratome VT1200S, Leica) into 80 um thick,
transverse slices. 1 in 4 sections were washed three times in PBS with 0.1% Tween-20 (PBT).
Immunohistochemical staining was performed in a primary antibody solution (tris phosphate
buffered saline (TPBS) with rabbit anti-RFP (Abcam AB62341, 1:1000), goat anti-Chat (Merch
Millipore AB143, 1:1000) and normal donkey serum (NDS, 1:10)) for 24 hours at room
temperature on a shaker. Following another three washes in PBT, the sections were incubated in
a secondary antibody solution (TPBS with donkey anti-rabbit 555 (Invitrogen A32794, 1:500),
donkey anti-goat 647 (Invitrogen A32816, 1:500) and NDS (1:20)) for 4 hours at room
temperature on a shaker before a final washing with PBS. The brainstem sections were then
mounted with a fluorescent mounting media (ProLong™ Golf Antifade Mountant,
ThermoFisher) and imaged using a confocal microscope (LSM800 with Airyscan, Zeiss).
Opsin:reporter protein expression in the brainstem was quantified as the percentage of ChAT
positive cells that co-express the ChR2(H134R):mCherry fusion protein. In ImageJ, ChAT-
positive and ChR2(H134R):mCherry-positive cells were identified via fluorescence intensity
thresholding and segmentation. This was performed in 7 brainstem sections that included the
hypoglossal motor nucleus per animal. All other brainstem sections were visualised to ensure no

other fusion protein expression was present.

The tongue tissue was cryopreserved in a 30% sucrose solution until the specimens sank (24 to
48 hours). The tissue was then sectioned with a cryotome (Cryostat CM1950, Leica) into 80 um
thick, transverse slices. 3 main regions of the tongue were sectioned. The ‘tip’, ‘middle’ and
‘base’ regions were located approximately 5 mm, 10 mm and 15 mm from the rostral end of the
tongue respectively. The tongue sections were then mounted with a fluorescent mounting media
and imaged using a confocal microscope. Expression of the ChR2(H134R):mCherry fusion
protein was quantified in ImagelJ by determining the percent of tissue pixels over a ‘no

expression’ brightness threshold.
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2.2.6 DNA and RNA Quantification

An additional cohort of animals (n = 4) received intramuscular injections of the tMCK construct
as described above. Three weeks later fresh tissue was harvested from the heavily anaesthetised
animals undergoing saline perfusion immediately prior to paraformaldehyde fix. The tissue was
snap-frozen in liquid nitrogen. Liver, spleen, gastrocnemius and diaphragm muscles were
collected. Tongue, heart, and brainstem were removed from one animal, to serve as a

comparison for the gene expression data from other organs.

Fresh frozen tissue samples were minced and divided for separate DNA and RNA extraction.
DNA extraction was performed by homogenising the tissue samples in equal volumes of
phenol-chloroform-isoamyl alcohol and TE buffer, to a total volume of 1 mL. Samples were
centrifuged at 20,817 xg for 20 minutes. The aqueous layer was removed to 0.5 mL phenol-
chloroform-isoamyl alcohol, mixed thoroughly, and centrifuged again. The second aqueous
layer was removed and added to a 2.5x volume of 100% ethanol with a 0.1x volume of 3M
sodium acetate (Sigma Aldrich), then incubated at -80°C for 1 hour. DNA was pelleted by

centrifugation, washed twice with 70% ethanol, and resuspended in TE buffer.

RNA was extracted by homogenising the samples in 1 mL of Trizol, followed by the addition of
200uL 1-bromo-3-chloropropane. Samples were centrifuged at 20,817 xg for 20 minutes, then

the aqueous layer was removed to 70% isopropanol and incubated at -20°C overnight. RNA was
pelleted by centrifugation at 20,817 xg for 20 minutes, then pellets were washed twice with 70%

ethanol, dried, and resuspended in nuclease-free water.

DNA and RNA samples were quantified using a Nanodrop spectrophotometer (Thermo Fisher)
and diluted to 100 ng/uL (DNA) or 200 ng/puL (RNA). After 2 hours of ezDNase treatment at
37C (Invitrogen), RNA was used to generate cDNA using SuperScript IV VILO Master Mix
(Invitrogen) in a 20 pL reaction. cDNA and genomic DNA were quantified with PowerUp
SYBR Green Master Mix (Invitrogen) using 1 pL template in each 10 L gPCR reaction, using
a Viia 7 PCR machine (Thermo Fisher). Primers for ChR2, and for the housekeeping genes
YWHAZ and RPL13, were purchased from Integrated DNA Technologies and used at a final
concentration of 500 nM each. Primer sequences and thermal cycling protocols are listed in

supplementary data.

Relative expression quantification was used for RNA by comparing ChR2 expression with
YWHAZ expression. Genomic DNA was assessed with absolute quantification, by calculating

vector copy number per ng of the housekeeping gene RPL13, compared to standard curves.

1 DNA and RNA tissue harvesting and analysis was conducted by Dr Myfanwy E. Cohen, NeuRA
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Standard curves used for ChR2 calculations were constructed from linearised plasmid DNA
(plasmid 100054, AddGene). For absolute quantification of DNA, one sample was assessed
with a Qubit to determine the exact DNA concentration, then serial dilutions of this sample

were used to construct the standard curve.

All reagents were purchased from Sigma Aldrich (NSW, Aus) unless otherwise specified.

2.2.7 Statistics

Gene quantification statistical analysis was performed with GraphPad Prism (v9.3, GraphPad
software LLC). A repeated-measures 2-way ANOVA with Bonferroni post hoc analysis was
conducted to compare the tMCK and CAG construct induced ChR2(H134R)-mCherry fusion

protein expression in the tongue.

Gene quantification in the tongue, diaphragm, gastrocnemius, liver, spleen, heart and brainstem
following tMCK construct injections was analysed via a one-way ANOVA with multiple

comparisons, using Tukey post-hoc corrections.

The effect of light stimulation on EMG activity within the tMCK cohort was analysed in SPSS
via a linear mixed model with fixed and random effects to account for multiple data sets from
each animal, with an unstructured covariance structure, and Bonferroni post hoc tests. Adjacent
‘unstimulated’ and ‘stimulated” EMG data sets were binned based on the “‘unstimulated” EMG
data. Bins were created in 10% intervals from 0% to 100% of the maximum unstimulated EMG

activity. Equivalent bins for each animal were then compared.

2.3 REsSULTS

2.3.1 Use of a muscle-specific promoter consistently induced strong ChR2 expression
Intramuscular injections of the optogenetic constructs resulted in opsin expression in the
muscles of the tongue. The muscle-specific tMCK promoter produced stronger and more
widespread expression than the non-specific CAG promoter (Figure 4-1B-D) despite a lower
titre (1.81x10* vector copies for tMCK vs 6.60x10* vector copies for CAG). Across the
tongue, tMCK produced 4.7-fold greater expression than CAG (RM-ANOVA, F(1,8)=10.0,
p=0.013, Figure 4-1B), with the greatest differences in the middle region (4.4-fold higher
expression with tMCK, Bonferroni post hoc, p=0.032). There were no significant differences in
expression in the base and tip regions of the tongue between the promoters (Bonferroni post
hoc, p=0.053 and p=0.94 respectively). Additional opsin expression distribution details are

illustrated in Figure S2.
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Figure 2-1 | Non-specific (CAG) and muscle specific (tMCK) promoter driven expression in the
tongue. (A) Diagram of the ventral surface of a rat tongue, with the approximate location of the
genioglossus identified. Viral vectors were injected intramuscularly at sites 1 to 4. Light was applied to
the crosshatched region and tongue EMG activity measured via fine wire electrodes inserted near sites 1
to 4. For histology, the tongue was sectioned through the transverse planes in the tongue ‘tip’, ‘middle’
and ‘base’. (B) The tMCK promoter (grey, n=6) produced greater protein expression in the tongue
compared to the CAG promoter (blue, n=4) (p=0.013). (C, D) Weaker and less widespread membrane-
bound ChR2(H134R):mCherry fusion protein (orange) expression is seen in representative images of the
tongue tip, middle and base sections from a (C) CAG than a (D) tMCK animal.

2.3.2  The muscle-specific promoter minimises off-target expression

Protein expression in the brainstem was seen with the CAG promoter but not the tMCK
promoter. ChR2(H134R):mCherry fusion protein expression in the brainstem hypoglossal motor
nucleus due to retrograde transport along the hypoglossal motor neuron was quantified by the
co-expression of the fusion protein and choline acetyltransferase (ChAT). Co-expression was
found in 8.7+£3.9% (mean+SD) of motor neurons in the CAG animals (Figure 2-2A), with no
evidence of preferential expression in hypoglossal nucleus subdivisions amongst the cohort [56-
59]. Co-expression was absent in all tMCK animals (Figure 2-2B). Neither construct induced
expression in any other brainstem region, motor nuclei, sensory tract or terminal fields,
including but not limited to facial, trigeminal and vagal motor nuclei, sensory trigeminal nuclei

and the nucleus of the solitary tract.
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Figure 2-2 | Biodistribution after intramuscular delivery of the tMCK and CAG constructs. (A) 3
weeks following intramuscular delivery of an rAAV construct, ChR2(H134R):mCherry fusion proteins
are visible in 8.7+3.9% (mean+SD) of ChAT positive hypoglossal motor neurons in animals that received
the CAG construct, (B) but are absent in animals that received the tMCK construct. (C) The tMCK cohort
exhibited robust levels of viral DNA and (D) RNA expression in the tongue, and minimal or no
expression in organs (spleen, liver and heart), and other skeletal muscles (gastrocnemius and diaphragm),
thus confirming the specificity of the tMCK construct (*=diaphragm, gastrocnemius and brainstem viral
DNA levels were below the limits of detection). *** P<0.001 and **** P<0.0001 by one-way ANOVA
and Tukey Test.

Viral DNA from animals administered the tMCK construct was found abundantly in the tongue,
but was not detectable in other skeletal muscles (diaphragm, gastrocnemius) (Figure 2-2C).

Viral DNA was also found in the liver, heart and spleen in very low copy numbers, but was not
detectable in brainstem tissue samples. RNA expression was only found in the tongue, where it

was abundantly expressed relative to the housekeeping gene (Figure 2-2D).
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Figure 2-3 | Optogenetic stimulation of the tongue muscles in an isoflurane-based model of
pharyngeal muscle atonia. (A) Increased isoflurane concentration results in reductions of genioglossus
electromyography (EMG) activity (blue) while diaphragm EMG activity (red) is preserved, mimicking

pharyngeal muscle hypotonia in human sleep. (B) During the electrophysiology studies, isoflurane is
delivered via a nose cone, and fine wire electrodes monitor genioglossus and diaphragm EMG. (C)
Sample data illustrates that pulsed blue light (470 nm), triggered by the onset of inspiratory diaphragm
EMG activity (dotted line), restores genioglossus EMG when 3.5% isoflurane reduces endogenous
activity and when 5% isoflurane removes endogenous activity. Light application does not affect
diaphragm EMG. (D) Adjacent unstimulated and stimulated EMG activity is normalised to maximal
unstimulated EMG activity (n=4, mean+SD). The tMCK construct induced sufficient expression for light
stimulation to significantly (p<0.001) increase EMG activity. Note that visible tongue protrusions were
only observed in animals injected with the tMCK construct. *** P<0.001 by linear mixed model.
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2.3.3 Isoflurane titration in rodents mimics sleep associated pharyngeal
hypotonia/atonia
The next step was to test whether light stimulation of this construct could produce tongue dilator
muscle activity. To achieve this, an animal model of sleep-associated pharyngeal muscle
hypotonia/atonia was required. Several existing rodent models mimic OSA using external
apparatus and/or mechanical obstructions [224-227, 494] to collapse or block the airway. The
few animal models that do exhibit spontaneous apnoea are either not feasible for large scale
non-recoverable pre-clinical studies, e.g. British bulldogs [218], or do not adequately mimic
sleep-associated dilator muscle hypotonia that contributes to human OSA e.g. obese Zucker rats
[97] and Ob/Ob mice [92]. As such, they are unsuitable for testing pharyngeal muscle activity

restoration.

This novel model was inspired by the common clinical problem where isoflurane general
anesthesia causes pharyngeal muscle hypotonia and increases upper airway collapsibility [495].
Reversible reductions in phasic inspiratory dilator activity of the genioglossus were induced by
increasing isoflurane concentration delivered via a nose cone to SD rats (Figure 2-3A, B).
Isoflurane had minimal effects on concurrent diaphragm inspiratory activity (Figure 2-3A). This
simple model recapitulates the hypotonia of human upper airway muscles during sleep that
contributes to OSA [10], providing a suitable model for testing therapies targeting this trait.

2.3.4 Closed-loop photostimulation restores pharyngeal inspiratory dilator activity

To confirm that this optogenetic construct resulted in a meaningful functional response to light,
three weeks after intramuscular injections diaphragm and genioglossus EMG were recorded in
this rodent model of upper airway hypotonia. The ventral and posterior tongue surface
(crosshatching, Figure 2-1A) was intermittently illuminated with a blue LED (470 nm, ~0.58
mW, NTE Electronics, NJ, USA) during inspiration, triggered by the onset of inspiratory
diaphragm EMG activity exceeding the amplitude of the negative component of the QRS
complex of the ECG artefact visible in the diaphragm signal (dotted line under the raw DiaEMG
trace, Figure 2-3C). EMG data were normalised to the maximum unstimulated EMG activity
recorded prior to the onset of isoflurane-induced EMG reduction when respiration-linked tongue
contractions were still visible. Light-induced EMG during inspiration was compared to that

during an adjacent unstimulated breath.

All tMCK animals (n=6) exhibited robust increases in EMG during light stimulation,
accompanied by strong visible tongue protrusions in all animals (see Appendix Video A2-1).
Data from two animals was excluded from quantitative analysis as initial isoflurane anesthesia

abolished respiration-linked tongue movements/contractions prior to the insertion of EMG
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electrodes, preventing normalisation of stimulated EMG activity, although blue-light evoked
robust EMG in both cases. In the remaining four animals, light stimulation increased EMG by
55.64+24.7% (mean+SD) compared to an adjacent unstimulated breath (Figure 2-3D, linear
mixed model, F=140.0, p<0.001). The magnitude of light-evoked increases in EMG were
consistent across all levels of unstimulated EMG (linear mixed model, F=1.9, p=0.072).

Significant EMG variability (unstimulated and stimulated) between tMCK animals was
observed (linear mixed model, F=160.0, p=0.001) and is most likely due to a combination of
variability in opsin expression and strong dependence of light-evoked EMG on the relative

positions of the EMG electrodes and light stimulus.

2.3.5 Optimal functional responses depend on light stimulation parameters

Amplitude and duration of light-induced muscle activity can be optimised by tailoring the
illumination protocol. In the absence of endogenous genioglossus activity (i.e. high isoflurane
concentration), single pulses of light (1 ms to 300 ms duration) produced EMG peaks
approximately 10 ms after light onset, followed by a return to baseline at approximately 20 ms,
regardless of pulse duration (Figure S3). Increasing pulse duration from 1 ms to 10 ms increased
peak EMG 8-fold, but further increases in duration did not further increase EMG (Figure 2-4A).

However, since EMG evoked by single pulses returned to baseline after approximately 20 ms
irrespective of pulse duration (Figure S3) these are insufficient to maintain airway patency.
Therefore the next step was to investigate pulsed illumination protocols with pulse widths of 1-
20 ms repeated at frequencies of 10-60 Hz over 300 ms, chosen to match the duration of
endogenous inspiratory activity (Figure 2-4B). Maximum EMG over this 300ms period was
generated with 5 ms pulse widths and frequencies over 50 Hz. For pulse widths less than 5 ms,
higher frequencies induced only small, albeit consistent, increases in EMG. Conversely, when
pulse widths exceeded 5 ms, initial rapid gains in EMG eventually plateaued and/or declined

when frequencies exceeded 20 Hz (Figure 2-4C,D).
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Figure 2-4 | Light-evoked EMG in the genioglossus varies with light simulation protocol
characteristics. (A) Relationship between light pulse durations and the area under the induced
genioglossus EMG curve, i.e. EMG restoration with a single pulse (=4, mean+SEM). (B) Representative
examples of genioglossus and diaphragm EMG prior to isoflurane induced EMG reduction (‘Endogenous
Maximum’), after isoflurane induced EMG elimination (‘Endogenous Absent’) and when EMG is
increased by 10 ms long pulses with increasing frequencies (‘Light Applied”). (C) When pulsed
stimulation is maintained for 300 ms, the greatest increase in EMG was achieved with pulse widths of 5
ms and frequencies between 40 Hz and 60 Hz (n=4, mean+SEM). (D) The stimulated EMG declines with
sequential pulses within a stimulation protocol (n=4, mean+SEM). Duration for all stimulation trains is ~
300 ms.

2.4 DiscussIiON

The key finding of this study is that light stimulation, following direct administration of a novel
muscle-specific optogenetic construct to the tongue, can consistently restore or enhance phasic
activity and contraction of dilator muscles in a rodent model of OSA that recapitulates sleep-

associated hypotonia of the upper airway dilator muscles seen in human OSA patients. The
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light-evoked EMG can be similar in magnitude to endogenous respiratory-related tongue muscle
activity, and the response evoked is independent of the level of endogenous activity present,
confirming that this approach can boost inadequate dilator muscle function. Considerable inter-
animal variation was observed, potentially resulting from differences in opsin expression and
the relative positions of the light source and EMG electrodes. The timing of light-evoked EMG
activity differed from the endogenous respiratory-related tongue muscle activity, as there was an
absence of pre-inspiratory activation. To address this discrepancy, future studies aim to employ
a simple predictive algorithm based on diaphragm EMG. This algorithm would enhance the
coordination of the light-evoked tongue muscle activity with the respiratory cycle, preparing the
airway to defend against large negative inspiration related pressure swings. Finally, this study
has demonstrated that this can be achieved using intralingual injection with minimal systemic
expression of the optogenetic construct, and no CNS expression, providing a promising safety
profile. Together, these findings provide proof-of-concept for optogenetic stimulation of upper

airway muscles that could form the basis for a novel therapy for OSA.

Prior to this study, very little successful direct optogenetic muscle activation had been reported,
and most researchers used transgenic animals, achieving muscle contractions in the presence of
near-complete muscle expression of the opsin [235, 254]. That approach is not feasible for
human therapeutic applications. Bruegmann et al. [235] showed that systemic delivery of an
AAV-opsin construct driven by a non-specific promoter produced limited skeletal muscle opsin
expression, and was unable to achieve sustained contractions. More recently, two studies have
demonstrated functionally effective and optogenetics-based activation of the diaphragm [255]
and tongue [496] following intrapleural and intramuscular rAAV injections, respectively. These
studies used a non-specific promoter driven vector delivered intramuscularly (AAV9-CAG-
ChR2) — i.e. comparable to our initial vector. They demonstrated opsin expression in the
targeted muscles and light-evoked EMG responses. In contrast, the current study used a novel
construct that incorporated a muscle-specific promoter and local intramuscular injections,
improves the efficacy of opsin expression in the target tissue with demonstrated functional
muscle contraction while minimising off-target expression. Moreover, this was achieved using
viral loads 3.4- and 4.6-fold lower than those applied in the diaphragm [255] and tongue [496]
applications mentioned previously. Despite this achievement, further improvements in the
efficiency of transgene expression are desirable. Potential avenues for exploration include novel
synthetic AAV capsids with greater skeletal muscle affinity than the AAV9 used here, such as
AAVMYO [345], which may enable further reductions in viral dosages, thereby reducing

immune responses and improving long-term expression [497].
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Interestingly, the five studies that have investigated direct optogenetic stimulation of skeletal
muscle (including this thesis) compared vastly different stimulation protocols despite using very
similar opsins (ChR2 and ChR2(H134R)). This thesis and the two early studies (Bruegmann et
al., [235] and Magown et al., [254]) used ChR2(H134R) and applied ‘pulsed stimulation’, i.e.
pulse widths ranging from 1ms to 150 ms [235], 300 ms (this study) or 1000 ms [254], applied
at frequencies between 10 and 60 Hz. In contrast, the more recently published literature
(Benevides et al., 2022 [255] and Singer et al., 2023 [496]) used ChR2 and aimed to ‘mimic the
effects of continuous light’ via pulse widths between 0.1 and 1 ms, and interpulse intervals
between 0.1 and 5 ms. This equated to extremely fast frequencies between ~ 167 Hz and 5000
Hz [255, 496]. Moreover, rather than a constant light intensity [235, 254] these studies
gradually increased light intensity from 10 to 60 mW/mm? before gradually returned it to 10
mW/mm? within each stimulation train [255, 496]. The purpose of this was not outlined,
however the resultant light-evoked EMG activity may better reflect the profile of endogenous
EMG activity. Whether this represents a clinical benefit is unclear, however, preclinical studies
of hypoglossal nerve stimulation suggest that this is unlikely, as efficacy is typically based on
airway dilation (static cross sectional area measures from imaging protocols) [46, 72, 498] or
flow mechanics (rate of airflow and pharyngeal critical closing pressure and resistances) [37].
The ‘profile’ of the contraction is not considered. These vastly different protocols also make
direct comparisons difficult. In the more recent studies, increasing pulse widths from 0.1 to 1
ms produced increases in light-evoked responses [255, 496]. This may be continuous with the
earlier findings (and those presented in this thesis) where greater pulse widths produced
increases in light-evoked responses until a plateau was reached between 10 and 20 ms [235,
254]. Trends associated with stimulation frequencies are more challenging to combine,
particularly due to the different off-kinetics of ChR2 (7, ~ 11.9 ms [238]) and ChR2(H134R)
(Torf ~ 20 ms [265]), the strong dependence on the very different pulse widths, and the different
light intensity protocols [235, 254, 255, 496]. The recent studies reported that 1 ms pulses and 5
ms interpulse intervals, i.e. the lowest frequency protocol (~167 Hz), produced the greatest
light-evoked responses [255, 496]. This may correlate with the findings presented here and in
the earlier studies [235, 254] where higher frequencies eventually resulted in a plateau and
decline in light-evoked responses — i.e. Fullers extremely fast protocols (up to 5000 Hz) were
subject to greater declines per successive pulse. Finally, as previously stated, all stimulation
protocols are specific to the opsin expressed. As alternate opsins are likely to be required for
clinical translation (e.g. red-shifted and/or ultrafast opsins), these protocol optimisation studies

will be repeated, and will therefore these differences to be directly compared.
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This data supports using muscle-specific promoters, specifically tMCK, and local intramuscular
injections to produce strong, targeted opsin expression to generate reliable and robust EMG
activity and visible muscle contractions. Moreover, no CNS gene expression due to retrograde
motoneuronal transport was observed with the muscle-specific promoter despite AAV9’s
demonstrated capacity to do so [499, 500]. Minimal systemic distribution and uptake by internal
organs (liver, spleen, heart) and other skeletal muscles (diaphragm, gastrocnemius) was found.
This indicates that, in addition to inducing strong and localised opsin expression, muscle-
specific promoters and intramuscular injections may allow reduced total viral loads and
minimise the risk of toxicity, immune responses and other adverse events resulting from off-

target delivery including, but not limited to, motor neuron death and muscle atrophy [335].

The transition from preclinical to clinical studies is a significant hurdle for optogenetics-based
therapies, particularly the challenges of managing the effect of immune responses on long-term
opsin expression and function [335, 501]. These results, with strong tissue specificity and
minimal systemic distribution, indicate that immune responses to this novel construct should be
manageable [323, 417, 502]. Increasing evidence suggests this is possible via transient or slow-
release subcutaneous immunosuppressants [335, 385]. Moreover, rAAV vector re-
administration has been achieved when the initial rAAV dose is administered concurrently with
synthetic vaccine particles encapsulating immunosuppressants [386], or is preceded by
endopeptidase infusions that aim to degrade circulating antibodies [387]. There is already a
considerable evidence base demonstrating safety of AAV-based gene therapies. AAV-based
gene delivery is the basis of three FDA-approved treatments for an inherited retinal disorder,
spinal muscular atrophy, and lipoprotein lipase deficiencies, and hundreds of AAV-based gene
therapy trials have been completed or are underway with hematologic, ophthalmologic,
neurologic, metabolic, and musculoskeletal targets [323]. In these trials, intramuscular AAV
injections produced low rates of adverse events related to the transgene, capsid and/or the
patient’s immune response to the transgene or capsid [323], supporting this approach. More
specific to this construct, several clinical trials investigating the safety, tolerability, and efficacy
of AAVs optogenetic therapy for retinitis pigmentosa are ongoing [256-259], and an initial
human case study, where the patient received a low dose (5x10%° vg) of an AAV2-ChrimsonR
gene therapy, resulted in partial functional recovery and no evidence of ocular or systemic

adverse events [260].

Despite achieving sustained muscle contractions, further improvements in contraction duration,
which may be needed in humans due to a longer respiratory cycle, are currently limited by opsin

channel kinetics, as suggested by the stimulation protocol results (Figure 2-4). ‘Ultrafast’
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opsins, e.g. ChETA (time constant of deactivation = 4 ms vs 18 ms for ChR2(H134R) [503]),
may allow faster reactivation and reduced EMG ‘decay’ with sequential pulses, therefore
allowing higher frequency stimulation protocols and greater EMG responses. Red-shifted ChR
variants (e.g. ChRmine [267], ChrimsonR) may also aid the translation to larger human muscles
since red light has greater penetration through soft tissues than blue light. Red-shifted opsins
may also enable light stimulation to be applied transcutaneously or with an oral appliance,
providing practical, safety, and ease-of-use benefits over even the least invasive existing
electrical stimulation system, which uses implanted electrodes that are powered

transcutaneously [13].

The demonstrated efficacy of the targeted optogenetic stimulation of the upper airway muscles,
taken together with promising human results of rAAV-delivered optogenetic therapy for other
conditions [260], indicate that this method has a potentially easier translation pathway than the
also promising chemogenetic (DREADDs) approach [16, 232]. While both use localised
delivery to target specific muscles in the pharynx, the direct muscle optogenetic approach does
not require regular administration of a synthetic ligand at sleep onset, nor does it involve genetic
modification of the peripheral or central nervous system. It can also deliver temporally precise
stimulation and enable feedback-driven control that could be titrated on an individual basis
and/or adapted as required throughout the night. Conversely, the DREADDs approach increases

tonic muscle activity and may be more efficacious in NREM than REM sleep [16].

This study provides initial proof-of-concept of a novel stimulation-based OSA therapy. As a
proof-of-concept study, there are several limitations and considerable further work is required
before translation to humans. Firstly, the isoflurane anaesthesia model used to test optogenetic
stimulation recapitulates sleep-related muscle hypotonia, but is not fully representative of
natural sleep. Notwithstanding this, the model clearly demonstrates that it is possible to restore
endogenous levels of respiratory-related muscle activity, similar to the approach used in a recent
study of optogenetic diaphragm stimulation [255]. Finally, a demonstration of the effects of
optogenetic stimulation on airway patency rather than EMG activity is required. Existing
experimental techniques such as tagged magnetic resonance imaging [29, 100, 103, 106, 138,
504] and ultrasound [43, 44, 112] protocols have proven utility in quantifying airway dilation

and tongue movement in humans and rodents.

This study has demonstrated the feasibility of a direct optogenetics approach to restoring or
boosting upper airway dilator muscle activity, which has potential to maintain airway patency in
OSA patients with inadequate dilator muscle activity during sleep. Muscle-specific promoters

and local intramuscular injections maximise the efficiency and targeting of the construct, and
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light stimulation protocols provide highly customisable, and temporally precise stimulation.
Future studies exploring novel opsins and AAV capsids to improve the optogenetic response,
and longer-term studies will develop this potential therapy further towards clinical application.
Additionally, this approach has potential applications in other clinical conditions involving
skeletal or respiratory muscle dysfunction, particularly where the integrity of the innervating
motor neurons is poor, rendering neural stimulation approaches unsuitable, such as in motor

neuron disease.
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Chapter 3 OPTIMISING THE VIRAL CONSTRUCT: RAAV SEROTYPES

3.1 INTRODUCTION

Recombinant adeno-associated viruses (rAAVSs) are akin to biological nanoparticles able to
efficiently transverse cell membranes to deliver an ‘expression cassette’, i.e. a promoter,
transgene and regulatory components, into a cell’s nucleus for transcription and transgene
expression. Once there, rAAV genomes predominantly persist as non-integrating episomes;
therefore, non-dividing cells, such as myocytes, are most stably transduced. rAAVS are
currently the only viral vector approved for gene therapies in humans. FDA approval has been
granted for RPE65-mediated inherited retinal dystrophy, lipoprotein lipase deficiencies and
pediatric spinal muscular atrophy. According to a 2022 meta-analysis, 136 clinical trials have
investigated the efficacy, safety, and tolerability of 134 AAV drug products targeting 55
diseases [338], providing evidence that rAAVs are promising vehicles for gene delivery.

rAAVs are most commonly derived from naturally occurring serotypes [338] that present
specific tissue tropisms, i.e. each preferentially infects specific cell types. For instance, rAAV
serotype 9 (AAV9) is efficient at transducing skeletal muscle, used in clinical trials targeting
neuromuscular disorders [338], and in FDA-approved gene therapy for spinal muscular atrophy.
While naturally occurring rAAV serotypes have been successful, they are associated with
several disadvantages. First, the equivalent wild-type viruses are endemic in human populations,
and subsequently, so are pre-existing adaptive immunities, including neutralising antibodies
[346]. Low levels of neutralising antibodies (titres between 1:5 and 1:10) have eliminated large
vector doses [313, 348], and an absence of neutralising anti-AAV antibodies [371] or minimal
titres of anti-AAV antibodies (e.g. = 1:50) are commonly used as exclusion criteria regardless
of neutralising abilities [505]. The presence of these antibodies can potentially lead to
reductions in transgene expression and/or transduced cells and may undermine clinical efficacy
and prevent re-administration. As a result, they are likely to require concurrent interventions
that aim to suppress immune responses and/or allow transgene expression in the presence of
pre-existing antibodies [354]. Second, these serotypes are often sequestered in the liver
following administration [344], potentially limiting transduction efficacy in other organs and
increasing the risk of liver toxicities [349, 350] and increasing the viral loads required to
achieve therapeutic levels of transgene expression [342, 349] which can, in turn, increase the

risk of generating immune responses [334, 350].

Engineered rAAVs can overcome some of these limitations. With the absence of previous

exposure, engineered serotypes are subject to reduced immune surveillance and immune
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responses and can be manufactured with increased tissue specificity, liver detargeting, and/or an
improved ability to evade antibody neutralisation [344, 345, 351]. In turn, they may improve
long-term expression, reduce viral loads and immunogenicity, and improve safety profiles.
Novel serotypes are commonly engineered via rational design, where site-specific modifications
to existing capsids improve tissue specificity and/or modify antigenic sites [352]. Alternatively,
directed evolution methods generate huge libraries of diverse capsids via gene shuffling and
random mutagenesis [344, 345, 351]. While the use of engineered capsids significantly lags
behind naturally occurring capsids, used in only 13% of clinical trials [338], there is increasing
support for their use in preclinical studies where they improve transduction [344, 345] and

reduce immunogenicity [506].

AAV9 has long been considered the most efficient rAAV serotype for muscle transduction. It is
approved for use in the treatment of spinal muscular atrophy, and is the sole serotype used in
preclinical optogenetics-based muscle stimulation [235, 255, 496]. In 2020, a novel rAAV
serotype, AAVMYO, with excellent efficiency and specificity in musculature was identified
following systemic administration. Compared to AAV9, AAVMYO produced eYFP mRNA
expression ~ 61-, 17-, and 11-fold greater in the diaphragm, quadriceps femoris, and heart,
respectively, and concurrent liver detargeting (nine-fold less than AAV9). These findings were
supported at the protein level, in other mouse strains, and with different transgenes and reporters
[344]. Since then, AAVMY O has been further enhanced via rational additions [354]. Moreover,
in 2021 a second similarly myotropic serotype, MyoAAV, was also developed via directed
evolution and identified via barcoding [345]. These engineered rAAV serotypes represent a

significant improvement in rAAV-mediated muscle transgene expression.

When work for this thesis commenced in 2019, AAV9 was considered the optimal serotype for
muscle transduction, and its efficacy was confirmed in pilot studies comparing AAV9, AAV2,
and AAV1 for opsin expression in the tongue. The next step for optimising serotype selection
was to use barcoding methods to screen for potentially superior rAAVs (wild-type or
engineered) for muscle transduction. Due to the COVID pandemic, these experiments were
suspended in 2020. Fortunately, the development of AAVMYO in late 2020 and its direct
comparison with 183 rAAV variants [344] obviated the need for an rAAV library screen.
Consequently, after the research presented in Chapter 2 described strong and specific opsin
expression and functional light-evoked responses following intramuscular injections of AAV9
driven by a muscle-specific promoter, the research described in the current Chapter aimed to
determine whether AAVMYO could improve upon these results. Specifically, this study aimed

to determine whether the engineered serotype would increase opsin expression in the tongue and

79



therefore facilitate greater light-evoked responses, while maintaining the specificity afforded by
the muscle-specific promoter. The persistence of AAV9 and AAVMY O facilitated expression

and biodistribution were also examined.

3.2 METHODS

The data acquired in Chapter 2 from the animals that received the muscle-specific promoter-
driven construct (AAV9-tMCK-ChR2(H134R):mCherry) were compared to new data from
animals that received an AAVMY O serotype packaging an identical expression cassette (Table

3-1). The viral loads and volumes for both constructs are provided in Section 3.2.1.

Table 3-1 | Study Design.

Histology” EMG Viral DNA copies* | RNA expression*
Capsid Weeks post intramuscular injections
3 12 3 12 3 12 3 12
AAV9 N = 6t - N = 6+ - N=4t | N=4 | N=4f | N=
AAVMYO N=6 - N=9 - N=3 N=4 N=3 N =

+ Data from the AAV9 cohort at 3 weeks was previously reported in Chapter 2.
A Tongue and brainstem opsin:reporter protein expression in the tongue and brainstem
* Quantified in the tongue, diaphragm, gastrocnemius, liver, spleen, heart, bladder, brainstem

In Chapter 2, three weeks after male SD rats (n = 6) received intramuscular injections of the
AAV9 packaged construct to the tongue, light-evoked responses were quantified via EMG
recording in a rodent model of human sleep-associated upper airway muscle impairment (high
concentration isoflurane). After completion, tongue and brainstem tissue were harvested for
histology analysis. In an additional cohort (male SD rats, n = 4), tissues were harvested at the
same time point (3 weeks after injections) to quantify viral DNA copy numbers and RNA
expression in the tongue, diaphragm, gastrocnemius, liver, spleen, heart, bladder, and brainstem
(Table 3-1, indicated by ).

In the current study, new data were collected three weeks after male SD rats (n = 9) received
intramuscular injections of the AAVMY O packaged construct to the tongue. After acquiring
EMG data from all animals, tissues were harvested from six animals for histology analysis
(tongue and brainstem) and from three animals to quantify viral DNA copy numbers and RNA

expression (tongue, diaphragm, gastrocnemius, liver, spleen, heart, bladder, and brainstem).

An additional two cohorts of animals received intramuscular injections of either the AAV9 (n =

4) or AAVMYO (n = 4) packaged constructs, and tissues (tongue, diaphragm, gastrocnemius,
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liver, spleen, heart, bladder, and brainstem) were harvested 12 weeks later for ‘long-term’ DNA
and RNA quantification.

All tissue harvesting, analysis methods and statistics were performed as described in Chapter 2.
The exception was the statistics used to compare the 3- and 12-week DNA and RNA data from
the AAV9 and AAVMYO cohorts. This data was analysed using a Mixed Model ANOVA (with
serotype, tissue, and time-point as variables), with Tukey post hoc tests.

3.2.1 AAV vectors

An AAV9-packaged construct and an AAVMY O [344]-packaged construct were compared in
this study. Both vectors contained identical expression cassettes; a muscle-specific promoter
(tMCK, [330]), a channelrhodopsin-2 variant with a gain of function substitution
(ChR2(H134R)) fused to mCherry, a red fluorescent reporter, and the required regulatory
components, i.e. pAAV-tMCK-ChR2(H134R):mCherry.

The muscle-specific expression cassette sequence, pAAV-tMCK-ChR2(H134R):mCherry, was
developed by GenScript (New Jersey, USA) and packaged into AAV9 and AAVMYO capsids
by the Vector and Genome Engineering Facility (Children’s Medical Research Institute,
Westmead, Australia). The AAVMYO plasmid was provided by Dirk Grimm (University of
Heidelberg, Germany) [344].

The AAV9 construct, AAV9-tMCK-ChR2(H134R)-mCherry, had a titre of 9.04 x 10* vg/mL,
and the AAVMY O construct, AAVMY O-tMCK-ChR2(H134R)-mCherry, had a titre of 4.75 x
10'% vg/mL. 20uL of the AAV9 construct (4 x 5uL) contains 1.81 x 10! vector copies per
animal. 3.8 pL of the AAVMYO construct, diluted in 16.2 uL of injectable saline, was injected
in the second cohort (4 x 5uL), equating to 1. 81 x 10 vg per animal.

3.3 RESULTS

3.3.1 AAVMYO produced equivalent distribution of opsin:reporter expression, but
greater levels of viral DNA and RNA expression in the tongue

Histology. Confocal imaging of tongue tissue harvested at the 3-week time point indicates that

the AAV9 and AAVMY O serotypes produced similar ChR2:mCherry expression three weeks

after injections (Figure 3-1A, two-way RM-ANOVA, F(1,10) = 0.00, p =0.98). Moreover,

neither construct produced ChR2:mCherry expression in the hypoglossal motor nucleus of the

brainstem following retrograde transport along the hypoglossal motor neuron (Figure 3-1B).

Opsin expression was also absent in all other brainstem regions, motor nuclei, sensory tracts or
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terminal fields, including but not limited to the facial, trigeminal and vagal motor nuclei, the

sensory trigeminal nuclei and the nucleus of the solitary tract.

Viral DNA copy numbers. A three-way mixed model ANOVA, with tissue type, time point (3
and 12 weeks) and serotype (AAV9 or AAVMYO), showed significant main effects for tissue
(F(7,8) = 19.72, P < 0.0001) and time point (F(1,88) = 18.32, P < 0.0001), indicating that DNA
expression varied between tissues and time points. There were significant two-way interactions
between tissue and time point (F(7, 88) = 13.86, P < 0.0001) and tissue and serotype (F(7, 88) =
2.126, P = 0.0489) and a significant three-way interaction between tissue, time point and
serotype (F(7, 88) = 2.855, P = 0.0099). At three weeks, viral DNA copy numbers in the tongue
were significantly greater for the AAVMYO serotype than AAV9 (Tukey, P < 0.0001) and,
regardless of serotype, DNA copy numbers in the tongue were significantly greater than in all
other tissues (Tukey, AAVMY O: tongue vs all other tissues, P < 0.0001; AAV9: tongue vs
spleen, P < 0.005; tongue vs all other tissues, P < 0.001). DNA copy numbers in the tongue fell
significantly between 3 and 12 weeks for both serotypes (Tukey, AAVMYO: P < 0.0001;
AAVI: P =0.011), and there were no differences in DNA copy numbers in the tongue between
serotypes at 12 weeks (Tukey, P > 0.999). No other significant differences between serotypes
were found.

RNA expression. The same statistical method was used to analyse RNA expression between
tissues, time points, and serotypes. Significant main effects were found for tissue (F (7, 88) =
33.09, P <0.0001) and time point (F (1, 88) = 18.32, P < 0.0001), indicating that RNA
expression varied between tissues and time points. There were significant two-way interactions
between tissue and time point (F (7, 88) = 18.11, P < 0.0001), tissue and serotype (F (7, 88) =
2.555, P =0.0192) and time point and serotype (F (1, 88) = 5.396, P = 0.0225) and a significant
three-way interaction between tissue, time point and serotype (F (7, 88) = 5.393, P < 0.0001). At
three weeks, RNA expression in the tongue was significantly greater for the AAVMYO
serotype than AAV9 (Tukey, P <0.0001) and, regardless of serotype, RNA expression in the
tongue was significantly greater than that in all other tissues (Tukey, AAVYMY O: tongue vs all
other tissues, P < 0.0001; AAV9: tongue vs all other tissues, P < 0.0001). RNA expression in
the tongue fell significantly between 3 and 12 weeks after for both serotypes (Tukey,
AAVMYO: P <0.0001; AAV9: P = 0.035), and there were no differences between RNA
expression in the tongue at 12 weeks (Tukey, P > 0.999). No other significant differences

between serotypes were found.
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Figure 3-1 | Opsin expression and biodistribution following intramuscular injections of AAVMYO
and AAV9. (A) Both serotypes achieved similar distributions of opsin:reporter expression in the tongue,
and (B) did not induce opsin:reporter expression in the hypoglossal motor nucleus of the brainstem (only
ChAT positive hypoglossal motor neurons and dorsal motor neurons of the vagus are highlighted in the
AAVMY O brainstem sections). (C) A three-way mixed model ANOVA (tissue type X time point x
serotype) reported that at three weeks, viral DNA copy numbers in the tongue were significantly greater
for the AAVMYO serotype than AAV9 (Tukey, P < 0.0001). DNA copy numbers in the tongue fell
significantly between 3 and 12 weeks for both serotypes (Tukey, AAVMYO: P < 0.0001; AAV9: P =
0.011), and there were no differences in DNA copy numbers in the tongue between serotypes at 12 weeks
(Tukey, P >0.999). (D) Using the same statistical analysis, RNA expression in the tongue at three weeks
was significantly greater for the AAVMY O serotype than AAV9 (Tukey, P < 0.0001) and, regardless of
serotype. RNA expression fell significantly between 3 and 12 weeks after for both serotypes (Tukey,
AAVMYO: P <0.0001; AAV9: P = 0.035), and there were no differences between RNA expression in
the tongue at 12 weeks (P > 0.999). **** p < (0.0001, * P < 0.05
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Table 3-2 | Summary of main and interaction effects of viral DNA copy numbers
and RNA expression following a three-way mixed model ANOVA in GraphPad.
Variables are tissue (i.e. tongue, diaphragm, gastrocnemius, liver, spleen, heart,

brainstem and bladder), time point (i.e. 3- and 12- weeks after viral vector

administration), and serotype (i.e. AAV9 or AAVMYO).

Source of Variation F (DFn, DFd) P value
Tissue F (7, 88) =19.72 P<0.0001
% Timepoint F (1, 88) = 18.85 P<0.0001
g Capsid F (1, 88) = 3.292 P=0.0730
<Z‘: Tissue X Timepoint F (7, 88) = 13.86 P<0.0001
% Tissue x Capsid F (7,88) =2.126 P=0.0489
> Timepoint x Capsid F (1, 88) =2.533 P=0.1151
Tissue x Timepoint x Capsid F (7, 88) =2.855 P=0.0099
Tissue F (7, 88) =33.09 P<0.0001
- Timepoint F (1, 88) =18.32 P<0.0001
% Capsid F (1, 88) = 2.563 P=0.1130
S Tissue x Timepoint F (7, 88) = 18.11 P<0.0001
g Tissue x Capsid F (7, 88) = 2.555 P=0.0192
o Timepoint x Capsid F (1, 88) =5.396 P=0.0225
Tissue X Timepoint x Capsid F (7, 88) =5.393 P<0.0001

3.3.2 AAVMYO facilitated more robust light-evoked increases in muscle activity

Three weeks after receiving the AAV9 construct, all animals (n = 6) exhibited robust increases
in EMG activity (compared to the previous unstimulated breath) with light application to the
tongue surface. At the same time point, after receiving the AAVMY O construct, eight animals
exhibited robust increases in EMG activity with light stimulation, and one did not respond to
light stimulation (Figure 3-2). Four animals were excluded from the quantitative comparison of
light-evoked EMG activity as their data could not be normalised (AAVMYO: n =2; AAV9: n =
2) due to an absence of endogenous inspiratory genioglossus EMG activity likely caused by a

heightened isoflurane sensitivity. However, both these animals had robust light-evoked EMG.

A linear mixed model was used to test genioglossus EMG activity, with animal ID (intercept),
serotype (AAV9 or AAVMYO), stimulation (unstimulated or stimulated) and the endogenous
group as variables (Table 3-3). ‘Endogenous group’ was ranked from 1 to 10 based on the
percentage of local endogenous EMG activity compared to maximum EMG data (e.g. Figure
3-2, stimulation type: ‘none’). This inclusion meant that isoflurane concentration and the
subsequent reduction in endogenous muscle activity were considered. Significant main effects
were reported for the intercept (F(1, 9) = 26.930, P < 0.001), endogenous group (F(9, 225) =
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7.330, P <0.0001) and stimulation (F(1, 221) = 115.220, P < 0.0001), and significant two-way
interactions were reported between serotype and stimulation (F(1, 221) = 38.206, P < 0.0001)
and endogenous group and stimulation (F(9, 221) = 4.832, P<0.0001). At three weeks after
administration, the AAVMY O serotype facilitated significantly greater increases in EMG
activity with light stimulation than the AAV9 serotype (Figure 3-2, Bonferroni, P < 0.0001),
with light stimulation increasing EMG activity 193.5% + 15.1 (mean = std. error) compared to
66.3% + 16.6 (mean =+ std. error) for AAV9. Univariate tests confirmed that unstimulated EMG
activity was equivalent between serotypes (F(1, 10) = 0.056, P = 0.818) and that the differences
between serotypes can be attributed to the stimulated EMG data (F(1, 10) = 7.882, P = 0.019).
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----------- = Maximum unstimulated activity

Figure 3-2 | Light-evoked EMG responses in animals receiving AAV9 and AAVMYO packaged
optogenetic constructs. Increases in EMG responses with light stimulation were greater in the animals
that received the AAVMY O serotype than the AAV9 serotype (linear mixed model, Bonferroni post hoc,
P < 0.0001); however, both serotypes facilitated significant EMG increases with light stimulation
(Univariant tests, AAVMYO: F(1, 221) = 163.4, P < 0.0001; AAV9: F(1, 221) = 16.0, P < 0.0001). ****
P < 0.0001.
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Table 3-3 | Summary of main and interaction effects of EMG activity following a
linear mixed model in SPSS. Variables are intercept (i.e. animal ID), serotype (i.e.
AAV9 or AAVMYO), endogenous group (i.e. method of grouping equivalent levels of
endogenous/unstimulated EMG activity — 1 to 10), and stimulation (i.e.
unstimulated/endogenous EMG and stimulated EMG).

Source of Variation F (DFn, DFd) P value

Intercept F(1, 9) = 26.930 P<0.001
Serotype F(1,9) = 1.760 P=0.218
Endogenous group F(9, 225) = 7.330 P<0.0001
Stimulation F(1, 221) = 115.220 P<0.0001
Serotype x Stimulation F(1, 221) = 38.206 P<0.0001
Endogenous group x Stimulation F(9, 221) = 4.832 P<0.0001

All animals that displayed an EMG response to light stimulation (6/6 AAV9 animals and 8/9
AAVMY O animals) also displayed visible muscle contractions and tongue movement. Light
applied to the surface of the tongue (lateral, dorsal or ventral) via intraoral LED produced
asymmetric muscle contraction and movement of the tongue body and tip towards the light.
This movement was considerably larger in the AAVMYO cohort and evoked with virtually any
LED position. In contrast, the AAV9 cohort required careful LED positioning on the tongue’s

ventral surface to induce visible tongue contractions.

The light-evoked visible tongue contractions in the AAVMY O cohort were strong enough to
allow discrimination between different stimulation protocols. Regardless of pulse width,
protocols with frequencies < 20 Hz produced unfused tetanic contractions, and protocols with
frequencies > 40 Hz produced fused tetanic contractions. Contraction strength was also
associated with pulse width. 1 ms pulses produced weak contractions, and increases in pulse
width produced visible increases in contraction strength until 10 ms pulses were applied.
Contractions generated by 20 ms pulses were visually similar to those produced by 10 ms
pulses. Continuous (= 1 total stimulation duration) 10 ms and 40 Hz stimulation produced

sustained tetanic contractions.

3.4 DiscussiON

In this study, opsin expression and direct optogenetic stimulation of skeletal muscle following
intramuscular injections of a novel and highly muscle-specific viral vector AAVMYO were
characterised, and the results compared to AAV9, the current, clinically used rAAV serotype for
muscle gene therapy. The AAVMYO cohort exhibited stronger light-evoked increases in

muscle activity and visible tongue contractions in a rodent model of human sleep-associated
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upper airway muscle impairment. The AAVMYO cohort exhibited higher levels of viral DNA
copies and transgene RNA expression in the tongue than the AAV9 cohort. AAVMYO viral
DNA copies and transgene RNA expression were low or absent in all other tissues, including
the spleen, liver, heart, brainstem and blood cells, indicative of a promising safety profile.
Finally, reporter fluorescence — a proxy measure of the distribution opsin:reporter protein
expression —was robust across both cohorts and not statistically significantly different. These
findings confirm that AAVMYO is a highly efficient muscle-preferencing serotype.

For both serotypes, there was strong expression in the tongue and minimal systemic distribution
and off-target expression. This indicates that intramuscular injections of an AAVMY O serotype
driven by a muscle-specific promoter may produce a similar safety profile to AAV9. However,
there was considerable variability in the DNA and RNA expression in the tongue in the
AAVMY O cohort, and this requires further research. Despite high viral DNA and RNA
expression levels in the tongue three weeks after vector administration, much lower levels were
found 12 weeks after administration, regardless of the serotype used. The precise mechanism for
this loss in the current study is not yet clear, however transgene loss has been attributed to
several non-immunological and immunological processes, including acute and delayed immune
responses [507], target cell turnover [508], and promoter silencing [509]. As the timing of
expression loss onset can assist in identifying the mechanism of transgene loss [510], future
studies using multiple sacrifice time points or repeated recoverable tests of light-evoked muscle
responses would provide additional insight. A potential option, ultrasound imaging, will be

discussed further below.

While this study confirms that AAVMY O can generate strong opsin expression and functional
contraction responses in skeletal muscle, there was a discrepancy between the histology results
and the gene quantification and electrophysiology results. While average RNA expression and
viral DNA levels in the AAVMYO cohort were over double that of AAV9, there was no
difference between the two constructs in terms of the distribution of opsin:reporter expression
throughout the tongue. Rat tongues are large (~ 3 cm long [85, 511]) and remarkably complex,
composed of eight muscles and profoundly intertwined myofibres [84, 85]. While gene
expression was quantified in a large volume of tissue, the distribution of opsin:reporter protein
expression was quantified by confocal imaging of only three 80 um sections, equating to a
0.0024 cm tongue length. Moreover, due to the complexity of the tissue and the absence of
exclusively parallel myofibres, quantifying opsin expression by ‘counting’ of fluorescent
reporter protein-positive (as per [235, 255]) is not possible. Finally, the comparatively thick (80

um versus 10 um [235] or 20 um [255]) sections may hinder discrimination between
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‘background’ and ‘real’ fluorescence due to reporter expression located in ‘deeper’ myofibres
running parallel to the transverse tissue plane. While this method successfully discriminated
between ‘poor’ and ‘good’ opsin expression in Chapter 2, it may not be sufficiently sensitive to
discriminate between opsin expression generated by these two functionally effective constructs.
Future studies will aim to combat these issues by quantifying opsin expression in more tongue
sections, using alternate thresholding methods (e.g. [512]), and reducing section thickness.
Enhancing fluorescent reporters may also aid the ease of discriminating between ‘real’ and

‘background’ fluorescence.

Light-evoked responses were more robust and readily obtained in the AAVMY O cohort.
Compared to the AAV9 serotype, AAVMY O facilitated three-fold higher light-evoked EMG
responses and greater light-evoked visible muscle contractions and tongue movements. The
contractions more closely tracked the input stimulation parameters, with increasing pulse widths
applied at frequencies greater than 20 Hz producing increasingly strong tetanic contractions,
supporting data described in Chapter 2. This superior functional performance following
AAVMY O administration corroborates well with the higher DNA copy numbers and mRNA
expression levels, and supports the prior statement regarding the insufficient sensitivity of

current histological analysis for quantifying opsin:reporter expression.

Visible light-evoked contractions were asymmetric and typically induced tongue retraction
towards the light source. This could be attributed to two factors; (1) to view light-evoked
movement the tongue was mechanically drawn out of the mouth (but not fixed, as required for
measures of tongue contraction force [60]). Light-stimulation and the associated myofibre
contractions then drew the tongue back into a more ‘natural’ position. Alternatively, (2) the
poorly penetrating blue light exclusively activated local opsins expressed in myofibres with
multiple orientations. As a result, local multi-directional contractions of individual myofibres
were generated, and local tongue ‘stiffening’ rather than global protrusion occurred [36, 37].
While these observations demonstrated that robust tongue movement could be generated with
light stimulation, it did not clarify whether tongue illumination could translate to airway
dilation, which is the end-goal of an optogenetic stimulation therapy for OSA. This could be
achieved using magnetic resonance imaging [97, 100, 103, 104] or ultrasound imaging [43,
112]. Moreover, using recoverable imaging experiments could enable repeat assessment of
light-evoked airway dilation over an extended period of time. This will allow us to determine
when light-evoked muscle responses start declining and subsequently indicate why they decline,
and how this can be avoided in future experiments. Imaging will be the basis of experiments

undertaken in Chapter 4.
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Naturally occurring serotypes and pseudo-types (transgenes flanked by AAV2 ITRs and
packaged in a natural rAAV) are used in 87% of clinical trials [338] and all FDA-approved
rAAV-based gene therapies. Further, before this thesis, viral vector-mediated direct optogenetic
activation of skeletal muscle exclusively used AAV9, a naturally occurring rAAV serotype, to
achieve opsin expression [235, 255, 496]. While this body of literature on wild-type rAAVs
provides strong efficacy and safety data, significant limitations remain. First, due to the high
prevalence of pre-existing anti-AAV antibodies [346] and the subsequent risk of loss of
therapeutic levels of transgene expression [313, 348], eligibility for clinical trials and
therapeutic administration is commonly restricted to patients with an absence of neutralising
anti-AAV antibodies [371] or low anti-AAV antibody titres < 1:50 [505], regardless of
neutralising ability. Second, naturally occurring rAAVs have been associated with severe
adverse events due to liver sequestering, including toxicity, liver failure, and potential death
[337, 350]. The risk of these outcomes increases with greater doses administered [334, 349,
350] and highlights the importance of targeted rAAV administration (systemic delivery requires
higher viral loads [338]), active liver detargeting, minimal viral loads and thorough
biodistribution analysis. This Chapter (and Chapter 2) support the use of intramuscular
injections of an engineered serotype (AAVMY O) driven by a muscle-specific promoter (tMCK)
for maximising functional responses to light stimulation and subsequently permitting minimal
viral loads in future clinical applications. Despite a 27% lower titre, tMCK provided superior
expression compared to CAG in Chapter 2. This study demonstrates that AAVMYO further
improves functional performance. Moreover, AAVMY O has demonstrated liver detargeting
compared to AAV9 in mice [344], and the data reported here show minimal off-target
expression and systemic distribution. Finally, unlike wild-type rAAV serotypes, an engineered
alternative like AAVMYO may facilitate reduced immune surveillance and responses upon

administration and remove exclusion criteria based on anti-AAV antibody seropositivity.

The work presented in this Chapter demonstrates that a novel expression cassette (PAAV-
tMCK-ChR2(H134R):mCherry) packaged into an engineered highly myotropic rAAV serotype,
AAVMYO, can improve on the already strong performance of the AAV9 serotype. In addition
to robust increases in muscle activity in response to light stimulation, visible muscle
contractions that are titratable via stimulation protocol changes were observed. The AAVMYO
serotype may provide additional benefits for the clinical translation of the proposed therapy for
OSA by reducing immune surveillance and responses in anti-AAV antibody seropositive
individuals and improving safety profiles by detargeting the liver. A full suite of preclinical

safety trials is required, however initial biodistribution studies look promising.
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Chapter 4 QUANTIFYING LIGHT-EVOKED AIRWAY DILATION

4.1 INTRODUCTION

Chapters 2 and 3 are submitted as proof-of-concept for a novel optogenetics-based therapy for
obstructive sleep apnoea (OSA). First, strong opsin expression was generated in the tongue
muscles with minimal off-target expression. Second, in an acute model of sleep-associated
upper airway muscle atonia, light-evoked increases in muscle activation, as measured by
electromyography (EMG), were achieved. However, EMG alone does not fully characterise the
effects of light-evoked muscle activation of airway geometry as it measures electrical activity
rather than mechanical output. Moreover, fine wire EMG measures local activity at the
electrode location rather than global activity. This is compounded by the anatomical complexity
of tongue muscles [26, 84], whereby electrical activity recorded may not correspond to
contractions that produce airway dilation. In the current context, EMG recordings are highly
dependent on the relative positions of the EMG electrodes, the light source, and the regions of
opsin expression. Differences in these positions may have contributed to the discrepancies
reported between the amplitude of the light-evoked EMG activity and the observed strength of
the light-evoked visible muscle contractions in Chapter 3. Whether light-induced tongue muscle
activation is a suitable therapy for OSA depends on the potential for it to stiffen or dilate the
pharyngeal airway [71, 86]

Two imaging modalities are feasible options for quantifying airway dilation and/or stiffening
during light stimulation in rodents. First, tagged magnetic resonance imaging (MRI) uses a
series of radio frequency and magnetic field gradient pulses to superimpose evenly spaced grids
or ‘tags’ on targeted tissues. These tag patterns distort with tissue motion and can be used to
guantify endogenous and stimulation-induced muscle contractions. Originally developed to
image the myocardium [101, 102], tagged MRI has been used to understand better upper airway
biomechanics in rats [97, 100, 103, 104] and humans [99, 105, 106]. It has also been used to
predict treatment outcomes of mandibular advancement splints in OSA patients [107-109] and,
due to its high temporal resolution, to quantify tongue movement during phonation [110, 111].
A second option is ultrasound imaging. In humans, ultrasound imaging has provided a ‘real-
time’ method of quantifying airway dilation and tongue movement in OSA patients and healthy
controls [43, 112] and is at least as effective as MRI in doing so [43]. Ultrasound has not been
used to quantify upper airway function in rodents but has been extensively used to quantify

muscle contractions in skeletal [113] and cardiac applications [114]. Compared to MR imaging,
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preclinical ultrasounds are low-cost and time-effective. Moreover, protocols are simple to

establish and require minimal technical expertise.

This chapter aims to assess ultrasound imaging as a method of quantifying upper airway muscle
contractions and airway dilation and to determine whether the EMG data presented in Chapters
2 and 3 translates to light-evoked muscle contractions and airway dilation, thus providing
further support for an optogenetics-based therapy for OSA. Moreover, this study aims to
provide additional information on the longevity of opsin function following intramuscular
injections of an AAVMY O serotype driven by a muscle-specific promoter, using time-evolution
of ultrasound-measured light-evoked muscle contractions as a proxy measure of opsin
expression. This will assist in identifying the mechanism(s) underpinning the loss of transgene

expression, as observed at 12 weeks in Chapter 3.

4.2 METHODS

4.2.1 Animals

All procedures were approved by the University of New South Wales Animal Care and Ethics
Committee and follow The Australian Code of Practice for the Care and Use of Animals.
Sprague-Dawley (SD) rats were purchased from the Animal Resources Centre (Perth,
Australia). All animals were group-housed in a dedicated housing room under a 12-hour

light/12-hour dark cycle, and food and water were available ad libitum.

4.2.2 AAV vectors

Based on the strong expression of the opsin with the muscle-specific promoter (tMCK, [330]) in
Chapter 2, and AAVMY O [344] in Chapter 3, the construct used in this study was AAVMYO-
tMCK-ChR2(H134R):mCherry. The complete expression cassette included the muscle-specific
promoter, tMCK, a channelrhodopsin-2 variant with a gain of function substitution
(ChR2(H134R)) fused to mCherry, a red fluorescent reporter (pAAV-tMCK-
ChR2(H134R):mCherry). This expression cassette sequence (pAAV-tMCK-ChR2(H134R)-
mCherry) was developed by GenScript (New Jersey, USA) and packaged into AAVMYO
vectors by the Vector and Genome Engineering Facility (Children’s Medical Research Institute,
Westmead, Australia). The AAVMYO plasmid was provided by Dirk Grimm (University of
Heidelberg, Germany) [344].

The AAVMYO-tMCK-ChR2(H134R)-mCherry had a titre of 3.54 x 10% vg/mL. To maintain

consistent vector copies and volume as used in Chapter 3 (20 uL at 4.75 x 10% vg/mL equating
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to 1. 81 x 10 vector copies), 5.1 uL of the AAVMYO construct was diluted in 14.9 pL of

injectable saline per animal, equating to 1.81 x 10*! vector copies.

4.2.3 Intramuscular AAV injection

Four female SD rats (mean + SD, age = 7 + 0 weeks, weight = 175.9 + 8.0 g) and four male SD
rats (mean £ SD, age = 7 + 0 weeks, weight = 251.8 + 3.3 g) received intramuscular injections
of the AAVMY O construct under general anaesthesia induced with 5% isoflurane in oxygen (1
L/min) in an induction chamber and maintained using 2-3% isoflurane in oxygen (1 L/min)
through a nose cone. Adequacy of the anaesthesia was assessed using the negative pedal

withdrawal response.

A 25 pL syringe (model 702 LT SYR, Hamilton Company) connected to a sterile 26-gauge
needle was used to inject 20 pL of the viral vector construct into four locations (5uL per site) in
the animal’s tongue (bilateral injections applied to the middle and base of the tongue, see Figure
1A in Chapter 2). The solutions were injected slowly, and the syringe was held in place for 30
seconds after the injection before being slowly retracted from the muscle to minimise vector

loss. Animals recovered from the anaesthesia before being returned to their home cage.

4.2.4 High-resolution ultrasound imaging

Three weeks following vector administration to allow for sufficient ChR2(H134R) expression in
the tongue, ultrasound imaging was conducted using a fixed MX400 ultra-high frequency linear
array transducer (18-38 MHz, centre transmit: 30 MHz, axial resolution: 50 um) together with a
Vevo3100 high-resolution Imaging System (FUJIFILM VisualSonics, Toronto, Ontario,
Canada). At this time, the animal cohort was: female (n=4): mean + SD, age = 9.7 + 0 weeks,

weight = 227.0 + 13.5 g; male (n=4): mean £ SD, age = 9.9 + 0 weeks, weight = 388.1 + 18.1 g.

Anaesthesia was induced using 5% isoflurane in oxygen (1 L/min) in an induction chamber and
maintained by using 1.5-3% isoflurane in oxygen (1 L/min) through a nose cone. Adequacy of
the anaesthesia was regularly assessed throughout the procedure and based on the negative
pedal withdrawal response. The animal’s body temperature, heart rate and respiratory rate were
monitored using a physiology monitoring platform (Figure 4-1A) (FUJIFILM, VisualSonics,
ON, Canada).
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Figure 4-1 | Ultrasound imaging for airway dilation. (A) During ultrasound imaging, animals were
placed supine on a physiological monitoring platform, and images were acquired using a fixed transducer.
(B) The airway was imaged during three conditions; i) no stimulation, ii) stimulation only (i.e. stimulation

applied ‘out-of-phase’ with the respiratory cycle), and iii) light stimulation applied ‘in-phase’ with the

respiratory cycle. (C) B-mode images (400 frames, acquired at 45 frames per second) were captured in a
sagittal plane, (D) a mid-axial plane, and (E) a posterior-axial plane. Airway dilation was quantified as
the vertical displacement of the dorsal surface of the tongue along three vertical lines, labelled ‘left’,
‘centre” and ‘right’. (F) The coordinates of the dorsal surface and vertical line intersections were recorded
during expiration, (G) and inspiration (no stimulation), and when (H) stimulation was applied ‘out-of-
phase’ with inspiration (stimulation only), and ‘in-phase’ with inspiration (not pictured). These
coordinates were then used to calculate the ventral displacement of the tongue’s dorsal surface.
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After depilation, pre-warmed ultrasound gel was applied to the submandibular region while the
animal was supine (Figure 4-1A). When using the transducer, care was taken to minimise soft
tissue deformation, applying only enough pressure to make complete contact with the gel. B-
Mode images (400 frames, 45 fps, transducer fixed at 90°) were acquired using during three
conditions; 1) no light stimulation, 2) light stimulation applied ‘out-of-phase’ with the
respiratory cycle i.e. between expiration and inspiration when endogenous tongue movement
was minimal, and 3) light stimulation applied ‘in-phase’ with the respiratory cycle, i.e. light
stimulation was applied at inspiration onset (Figure 4-1B). The primary stimulation protocol
used in this study was based on the outcomes described in Chapter 2, where 10 ms pulse widths
applied at 40 Hz produced strong and consistent EMG activity. This stimulation was applied to
the tongue for ~ 300 ms by a 470 nm fibre-coupled LED (Thorlabs, Lastek, SA Australia).
Other stimulation protocols tested include low-frequency stimulation (10 ms pulse widths at 10
Hz), high-frequency stimulation (10 ms pulse widths at 60 Hz), and continuous pulsed
stimulation (10 ms, 40 Hz applied over 1 second). B-mode images were acquired in three
planes. A mid-sagittal plane was positioned between the lingual arteries and extended from the
base of the tongue to where the teeth created an image artefact (e.g. Figure 4-1C). The positions
of a mid-axial plane (Figure 4-1D) and a posterior-axial plane (Figure 4-1E) are indicated by the
orange and red dotted lines in Figure 4-1C, respectively. Sample videos demonstrating ‘out-0f-
phase’ light-evoked airway dilation in the sagittal and mid-axial planes are included in the
Appendix (Video A4-1 and Video A4-2).

Ultrasound imaging was repeated 6, 8, 10 and 12 weeks after intramuscular injections to assess
longevity of the functional response. To minimise impact on the animals, subsequent ultrasound

imaging sessions ceased when an animal failed to exhibit any light-evoked muscle movement.

All acquired images were digitally stored in DICOM format for offline analysis.

4.25 Ultrasound image analysis

Quantitative analysis was manually performed in ImageJ on mid-axial and posterior-axial
images. Three images sequences were analysed per animal to measure maximum dilation; (1)
when no stimulation was applied and movement was due to endogenous inspiration-linked
muscle contractions (Figure 4-1B, G); (2) when stimulation was applied ‘out-0f-phase’ with
inspiration, and movement was due to light stimulation only (Figure 4-1B, F), and (3) when
stimulation was applied ‘in-phase’ with inspiration, and movement was due to the combined
effects of endogenous inspiration-related muscle contractions and light-evoked muscle
contractions (Figure 4-1B). In each sequence (400 B-mode images), there were 4 or 5

‘maximum dilations’ where vertical displacement of the tongues dorsal surface was quantified.
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In both axial planes, three vertical lines were placed on the first frame of each sequence and
were maintained throughout. In the mid-axial plane, the ‘centre’ line was placed between the
two lingual arteries, and the ‘left” and ‘right’ lines were placed between a lingual artery and the
lateral border of the tongue (Figure 4-1D). In the posterior-axial plane, the ‘centre’ line was
placed between the two lingual arteries, and the ‘left’ and ‘right’ lines were placed on the
lingual arteries (Figure 4-1E). A single point was placed at each of the three intersections
between the tongues dorsal surface and the three vertical lines (Figure 4-1D-H). Throughout the
image sequences, as the muscles contracted, the movement of the points along the vertical lines
was manually tracked. When the dorsal surface was maximally displaced (i.e. the three points
had reached a turning point between ventral and dorsal movement) due to inspiration (Figure
4-1B, G), stimulation (Figure 4-1B, H), or both (Figure 4-1B), the ‘maximum dilation’ y-
coordinates were recorded. The vertical displacement of the points was calculated by
subtracting the y-coordinates of the preceding ‘baseline’ or ‘expiration’ point, where there was
no visible contraction (Figure 4-1B, F). For example, in Figure 4-1H, the y-coordinates of the
yellow markers that represent the tongue’s location during ‘expiration’ (i.e. Figure 4-1F) were
subtracted from the y-coordinates of the orange markers that represent the tongue’s location
during ‘stimulation’. This produces the vertical displacement of the three points, indicating the

amount of airway dilation achieved when stimulation is applied.

All displacements obtained from the same sequence were averaged, producing three sets

(inspiration, stimulation only, in-phase stimulation) of three data points (left, centre, and right).

4.3 RESULTS

4.3.1 Ultrasound-recorded light-evoked airway dilation was variable between animals
Three weeks after injections, light-evoked muscle contractions were observed during ultrasound
imaging in 4 of the 8 animals (50%, Table 4-1). Only two animals produced sufficient light-
evoked muscle contractions to dilate the airway (25%, Table 4-1).

In animal E5 (Table 4-1,

Figure 4-2), light-evoked muscle contractions and airway dilation were strong in the mid-axial
plane, shifting the dorsal surface of the tongue 0.754+0.03 mm ventrally (maximum) when
stimulation was applied ‘out-0f-phase’ with inspiration. The maximum vertical displacement
was maintained with ‘in-phase’ stimulation (0.7140.03 mm maximum displacement) and
exceeded the maximum vertical displacement associated with a standard breath (no stimulation,
0.21+0.02 mm maximum displacement) (

Figure 4-2B, Figure 4-3). Maximum dilation was recorded in the tongue region closest to the
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light source, i.e. it was laterally dominant (the other side of the dorsal tongue surface moved

0.14+0.05 mm ventrally,

Figure 4-2B). Airway dilation was larger and more even across the dorsal surface in the

posterior region of the tongue (as illustrated in the sagittal section in

Figure 4-2C), however posterior-axial images were not collected three weeks post-injection

(with one exception: Animal E6, see Appendix Figure A4-1), so this dilation was not quantified.
Table 4-1 | Qualitative ultrasound observations from three to twelve weeks after vector
administration. ‘Any’ indicates when light-evoked contractions were visible regardless of
whether they were associated with airway dilation, and ‘Dilate’ indicates when light-evoked

muscle contractions achieved airway dilation. No further ultrasounds were performed
(indicated by ‘-’) on animals in which no light-evoked movement was detected (%)

= | week3a | weeks Week 8 Week10 |  Week 12
g Contractions visible in axial planes

< Any | Dilate | Any | Dilate | Any | Dilate | Any | Dilate | Any | Dilate
El| x x - - - - - - - -
E2 | x x - - - - - - - -
E3 v x v x v x v x v x
E4 | x x - - - - - - - -
E5 v v v v v v v x v x
E6 v v v v v v v x v x
E7 | x x - - - - - - - -
E8 v x v x v x v x v x

In Animal E6 (Figure 4-3A and Appendix Figure A4-1) no light-evoked airway dilation was
visible in the mid-axial plane, however light-evoked muscle contractions and airway dilation
were recorded in the posterior-axial plane. The tongue’s dorsal surface moved 0.574+0.06 mm
ventrally (maximum), improving the absence of movement recorded during inspiration
(0.00+0.08 mm maximum vertical displacement). Airway dilation was laterally dominant, and
the side of the tongue furthest from the light source displayed no muscle contractions or airway
dilation with light stimulation (0.06+0.12 mm).

Two animals (Animal ID: E3, E8, Figure 4-3A and Appendix Figure A4-1) had weak light-
evoked responses. E3 displayed limited airway dilation with inspiration, only visible in the mid-
sagittal plane. E8 displayed small muscle contractions, but airway dilation was not visible in the
planes imaged. The small contractions in both animals were difficult to obtain as they required

specific positioning of the LED against the tongue.

The remaining four animals (Animal ID: E1, E2, E4, and E7) displayed no visible light-evoked
muscle contractions (Figure 4-3A and Appendix Figure A4-1).
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Figure 4-2 | Sample data from three weeks after intramuscular injections in an animal where light-
evoked upper airway muscle contraction and airway dilation was observed. (A) Dorsal surfaces of
the tongue during expiration (yellow dashed lines), inspiration (i.e. no stimulation, orange dashed lines),

stimulation only (red dashed lines), and ‘in-phase’ stimulation (i.e. stimulation and inspiration, purple

dashed lines) are indicated. (B) Light stimulation produces laterally dominant airway dilation (red), which
persists when light stimulation is applied in phase with inspiration. (C) Airway dilation is strongest in the
caudal/posterior region of the tongue rather than the rostral/anterior region where the mid-axial plane is

located.
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Figure 4-3 | Light-evoked airway dilation following intramuscular injections of an optogenetics
construct . (A) At three weeks, two animals (green) displayed light-evoked muscle contractions and
airway dilation and two (orange) displayed light-evoked muscle contractions but did not achieve light-
evoked airway dilation. The four remaining animals (grey) did not display any light-evoked muscle
contractions (B) The animals that displayed light-evoked airway dilation at three weeks maintained these
responses until ~ 8 to 10 weeks after injections. At this time, light-evoked muscle contractions weakened
and airway dilation was not visible in an axial plane.

4.3.2  Persistence of light-evoked muscle contractions 12 weeks after intramuscular
injections
In animals where light-evoked muscle contractions were seen three weeks after receiving
intramuscular injections of the optogenetics construct (n = 4/8), these light-evoked muscle
contractions remained visible at 12 weeks. However, contraction strength, quantified by the
amount of airway dilation it generates and/or the volume of tissue that is visibly contracting
(where airway dilation does not occur), began to decline between the 8 and 10-week ultrasounds
(Figure 4-3B, Figure 4-4 and Appendix Figure A4-2). Additionally, contractions were less
likely to achieve airway dilation and were harder to generate, i.e. they required more precise

LED positioning and/or firmer pressure of the LED onto the tongue surface.

The animal who was the best responder (E5) at three weeks exhibited strong muscle
contractions and airway dilation during the ultrasound conducted eight weeks after injections
(Figure 4-3B and Figure 4-4A, B). The posterior-axial images exhibited a maximum ventral
displacement of 1.084+0.05 mm when light stimulation was applied out-of-phase with

inspiration (Figure 4-3B), exceeding the maximum achieved during the ultrasound conducted 3
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weeks post-injections. Dilation occurred along the entire dorsal surface, with a minimum ventral
displacement of 0.844+0.08 mm. At 10 weeks, only a slight light-evoked airway dilation was
visible at the extreme caudal end of the tongue (see the mid-sagittal images, Figure 4-4C) but
was not evident in either axial plane. At 12 weeks, light-evoked muscle contractions were

present but did not produce airway dilation (Figure 4-3B and Figure 4-4B).

Similar declines in responses were seen after 8 weeks in all other animals that responded to light
stimulation three weeks after viral vector injections, whether the light stimulation generated
small airway dilations (E6, Figure 4-3B and Appendix Figure A4-2) or muscle contractions with
no dilation (E3 and E8, Appendix Figure A4-2), exhibited similar declines, with light-evoked
responses persisting until 8-weeks after vector administration. Animal E6, which had initially
dilated the airway by 0.5740.06 mm with stimulation at 3 weeks, produced only 0.20+0.07 mm
with stimulation at 8 weeks, 0.194+0.04 mm at 10 weeks (Figure 4-3B and Appendix Figure A4-
2), and while guantitative measures of displacement could not be made at 12 weeks due to poor
clarity of the dorsal surface, no displacement was observed. The animals who responded to light
stimulation 3 weeks after injections with small and localised muscle contractions (no dilation)
similarly maintained some light-evoked responses at 12 weeks, but achieving those contractions

became increasingly difficult.

Twelve weeks after injections, clear ultrasound images were challenging to obtain in the male
rats, likely due to the greater size of the animals (male rat weight at 3-week ultrasound: 251.8 +
3.3 g; weight at 12-week ultrasound: 552.0 + 42.9 g, mean + sd). While this increase
represented a healthy weight gain over this time period (female rats also exhibited healthy
weight gain, however their maximum weight was 291.0 + 17.2 g), the larger animals made
airway imaging via ultrasound difficult. In both axial frames, global muscle contractions
remained visible (endogenous and light-stimulated), but deeper edges (mainly the dorsal surface
in the mid-axial plane) were blurred and often not sufficiently defined for the semi-automated
image analysis. Anatomy was better visualised in the mid-sagittal plane, however light-evoked

contractions were challenging to capture as they tended to be more lateral (closer to the LED).
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Figure 4-4 | Sample data from 6 to 12 weeks after intramuscular injections indicates that when
functional responses to light are present three weeks after injections, they persist, albeit at reduced
strengths for 9 weeks. (A) At 6 weeks and (B) 8 weeks after injection, airway dilation remains strong.
Dilation is greater on one side of the tongue, and in the posterior-axial frame. (C) 10 weeks after
injection, contraction strength declined and airway dilation is minimal. In this animal, it has not been
captured in either axial plane, but can be seen in the mid-sagittal plane ‘behind’ the tongue following
light-evoked geniohyoid contraction. (D) 12 weeks after injection, contraction strength has declined
further, and airway dilation is no longer visible. In all panels, dashed lines indicate the dorsal surface of
the tongue during expiration (yellow), inspiration (no stimulation, orange), stimulation only (red), and in-
phase stimulation (stimulation and inspiration, purple).

4.3.3 Light-evoked muscle contractions and airway dilation are dependent on the
stimulation protocol and are visibly different to endogenous contractions
All tetanic contractions described above were generated by 10 ms pulse widths at 40 Hz
stimulation. Low-frequency stimulation (10 ms applied at 10 Hz) produced twitches rather than
tetanic contractions, i.e. an isolated contraction per light pulse. High-frequency stimulation (60
Hz) produced strong tetanic contractions over the standard stimulation time (~ 300 ms),
however when high-frequency stimulation was maintained for more than 1 second, contraction
strength gradually declined and eventually disappeared. In contrast, continuous stimulation
using the 10 ms and 40 Hz protocol produced strong contractions that persisted throughout the

stimulation period, which exceeded 1 second.

The movements generated with light stimulation did not always match those occurring in a
natural (unstimulated) breath. Unstimulated contractions recorded in the sagittal plane tended to
appear as a caudal ‘shift’ of the tongue during inspiration. In contrast, light-evoked muscle
contractions were more likely to present as localised airway dilation perpendicular to the
posterior pharyngeal wall. In the axial plane, this difference was also evident. Endogenous
contractions often presented as a ‘flattening’ of the tongue’s dorsal surface, and light-stimulated
contractions were more likely to generate airway dilation by shifting the dorsal surface ventrally
away from the posterior pharyngeal wall. Notably, the best-performing animals (E5 and E6)
exhibited varying movement patterns with different LED positions, suggesting that some of this

variation may be due to LED positioning.

4.4 DISCUSSION

The key finding of this Chapter is that, following intramuscular injections of a novel muscle-
specific optogenetic construct to the tongue, light-evoked muscle contractions and airway
dilation were observed. While there was considerable variation between animals, these data
support previous Chapters’ evidence for a novel optogenetics-based muscle-stimulation therapy

for OSA. In achieving this, this study has also demonstrated the first use of ultrasound imaging
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to examine upper airway anatomy and function in rodents. This first attempt is promising, but

will require further development and assessment to determine validity and reliability.

Three weeks after receiving intramuscular injections of the optogenetic construct, varied
strengths of light-evoked muscle contractions and airway dilation were achieved. Of eight
animals, only two had sufficient light-evoked contractions to achieve airway dilation, two
displayed only small light-evoked contractions and no airway dilation, and four did not respond
to light stimulation. This poor success rate contrasts with the animals that received the
equivalent construct and underwent electrophysiology experiments described in Chapter 3.
During these experiments, 8 of 9 animals produced strong visible tongue contractions with very
few limitations regarding LED position. Both cohorts followed identical protocols; rats were the
same strain and received identical intramuscular injections at approximately seven weeks of
age. The same rAAYV serotype, expression cassette, viral loads, volumes and distributions were
applied (AAVMYO-tMCK-ChR2(H134R):mCherry, 1.81 x 10* genome copies). The delay
between injections and functional testing (three weeks until the first ultrasound and three weeks
until the electrophysiology experiments) and the mode of light delivery were identical. The sole
difference between cohorts was the viral vector ‘batch’ or ‘lot’, i.e. two different production
runs of the same construct were used. After consultation with the viral vector facility, it was
concluded that the discrepancy in light-evoked functional responses was most likely due to a
manufacturing fault in the second ‘batch’ used in the ultrasound cohort resulting in vector
genome instability and increasing variability. Sequencing analysis is currently underway to

confirm this.

When light-evoked muscle contractions were present three weeks after vector administration,
they persisted until the final ultrasound was conducted nine weeks later (12 weeks post-
injection), albeit at reduced strengths after 8-10 weeks. This is consistent with the data
presented in Chapter 3, where DNA copy numbers and RNA expression in the tongue three
weeks after injections were substantial, but much reduced levels were detected at 12 weeks. The
current ultrasound study indicates that the reduction in light-evoked muscle strength — here a
proxy for opsin expression — seemed to occur between the ultrasounds conducted 8 and 10
weeks after vector administration. This delayed decline suggests that the viral vector and
transgene evaded acute initial immune responses associated with pre-existing antibodies to the
AAV capsid, pre-existing t-cell immunity and acute innate immunity [507]. Instead, the
reduction in muscle contractions may be due to a delayed immune response [507], skeletal
muscle cell turnover [508], and/or promoter silencing [509]. As promoter silencing is more

commonly reported for viral promoters than non-viral promoters, such as tMCK used here [406,
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416-418, 509], this is a less likely mechanism for reduced expression. Future experiments are
required to isolate the cause of transgene losses could include an immune suppression protocol
to inhibit T cell activation and antibody formation over the 12-week monitoring period. Should
light-evoked muscle contractions be maintained at consistent strengths, it will be possible to
conclude that immune responses rather than skeletal muscle cell turnover caused the declines in
light-evoked muscle contractions and airway dilation reported in this Chapter, and viral DNA

copy numbers and RNA expression level reported in Chapter 3.

The initial aim of the intramuscular injections described throughout this thesis was to ‘saturate’
the tongue muscles with opsin expression. This decision followed electrical stimulation studies
where activation of multiple tongue muscles (i.e. intrinsic and extrinsic, protruders and
retractors) generated greater airway dilation, pharyngeal stiffening and/or airflow than
stimulation of a single muscle group [37, 46, 72]. While earlier chapters reported that light
stimulation could generate strong contractions, they were highly localised and typically drew a
small region of the tongue’s dorsal surface away from the posterior pharyngeal wall. These
contractions did not reflect endogenous contractions, which presented in the mid-sagittal plane
as an anterior-posterior shift of the tongue. This difference in the spatial patterns of contraction
between the endogenous and stimulated contractions is likely due to the single blue light source
ineffectively penetrating tissue and thus incompletely activating all transduced myofibres,
despite widespread expression (as shown in the histology images in Chapter 3). Preclinical
studies of hypoglossal nerve stimulation typically quantify stimulation efficacy by comparing
stimulated and unstimulated cross-sectional areas and anteroposterior and lateral dimensions of
axial airways [46, 72, 498], which is challenging with ultrasound, especially in the larger male
rats. In non-imaging protocols, measures of flow mechanics are typically used (e.g. rate of
airflow, pharyngeal critical closing pressure, pharyngeal resistance) [37]. In humans, efficacy is
defined via polysomnography outcomes and quality-of-life measures. The results reported here
suggest that airway dilation is achievable, and it is therefore highly likely that the use of red-
shifted opsins and LED arrays, to improve light penetration and thus more widespread
contractions, will provide greater airway dilation and thus patency, regardless of whether the
induced muscle contractions exactly mimic endogenous contractions. Indeed, the clinically
approved Inspire device unilaterally stimulates the hypoglossal nerve [170, 171], which, while
improving airflow, can also induce tongue deviation [71], supporting the contention that airway

dilation is more critical than the specific pattern of contractions that generate it.

The results presented in this chapter have demonstrated that, light stimulation of optogenetically

transduced upper airway muscles can dilate the upper airway to a similar extent to endogenous
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respiratory-related contractions in a rodent model of upper airway muscle hypotonia mimicking
sleep-related drop in dilator muscle drive where sufficient opsin expression has been generated.
However, additional work to improve consistency between animals is required. Moreover, it
was found that light-evoked responses persisted for up to 12 weeks in animals who responded
well three weeks after receiving the optogenetic construct, albeit declining in strength after 8-10
weeks, indicating the successful evasion of pre-existing and acute immune responses. The

reasons for the late decline in functional response require further study.
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Chapter 5 QUANTIFYING THE EFFECTS OF CHRONIC LIGHT

STIMULATION

5.1 INTRODUCTION

Optogenetics applied in the periphery is a niche field of research that has inspired some creative
solutions for light delivery in freely behaving animals, often in combination with traditional
physiological or behavior methods. Recent examples include cuff-based optics for motor neuron
or peripheral nerve stimulation [456], flexible and stretchable polymer optical fibres for vagus
nerve stimulation [513], wireless LEDs implanted opposing the colon wall and powered by
resonant cavity for colonic motility [514], and a fully implanted system that combines a flexible
sensor encircling the bladder to continuously monitor organ function and microscale LEDs to
activate bladder sensory afferents [252]. These examples represent bespoke solutions to specific

experimental and translational challenges.

In the context of an optogenetic therapy for OSA, it is also important to understand the longer-
term effects of regular optogenetic-based stimulation on the tongue musculature. This includes
establishing that chronic stimulation does not cause reduced dilator muscle performance over

time, undesirable tissue changes, or major sleep disturbance.

To date, only four studies have reported direct optogenetic activation of skeletal muscle [235,
254, 255, 464], none have done so without anaesthesia, and only one has reported on the effects
of daily light stimulation. In that study, 1 hour per day of transcutaneous light stimulation (500
ms pulsed stimulation, repeated every 6 seconds) was applied to the skin directly above the
denervated muscle expressing ChR2(H134R) with the animal under isoflurane anaesthesia.
After 10 days, the animals that received daily light stimulation demonstrated significantly less
force attenuation and muscle atrophy than those that did not receive daily light stimulation
[254]. For the purposes of the novel optogenetics-based muscle stimulation therapy for OSA
studied in this thesis, an experimental protocol is required that allows quantification of the
effects of chronic light stimulation (optimal OSA therapy use is 7 to 8 hours per night,
indefinitely) and determine whether light-evoked muscle contractions differ during REM and
NREM sleep. This requires hardware and a surgical protocol that is suitable for extended
(chronic) stimulation and recording of both muscle activity (EMG), and respiratory and sleep

parameters via electroencephalography (EEG).

Several studies have successfully implanted hook electrodes and skull-mounted hardware to

monitor rodent genioglossus activity during wakefulness, REM sleep and NREM sleep [87, 188,
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455, 515], to investigate upper airway muscle responses to CO, administration [87] and
GABAA receptor antagonism [515]. Similar hardware has also been used in chemogenetic and
optogenetic studies where DREADD (Designer Receptors Exclusively Activated by Designer
Drugs) ligands or light stimulation administered to engineered hypoglossal motor nuclei altered
downstream muscle activity in the tongue [188, 455]. While these protocols did implant EMG
and EEG hardware for monitoring genioglossus activity and identifying sleep stages, recordings
were taken at a single time point, one week [87, 515] or 2 weeks [188, 455] post-surgery, rather
than repeatedly over several weeks. Additionally, the optogenetic study delivered light centrally,
at the motor nucleus, using well-established methodology and off-the-shelf optogenetic
consumables (e.g. rigid silica optical fibre:ferrules implanted into the brainstem and fixed to

skull). This hardware is unsuitable for light delivery to the tongue.

This thesis chapter describes five pilot studies aiming to develop novel methods that integrate
muscle optogenetics, electrophysiology, and whole-body plethysmography, to enable long-term
physiological studies in freely behaving animals. Our primary objective was to optically
stimulate the tongue and measure the long-term efficacy of tongue optical stimulation via EMG
in sleeping animals. To do this, it was necessary to (1) design, fabricate and test novel optical
hardware for implantation to deliver blue light to the base of the tongue, (2) integrate this with
hardware for chronic electrophysiological recordings of EMG, EEG, heart rate (HR), and
temperature, (3) integrate this equipment into a custom-made whole-body plethysmography

recording chamber for non-invasive monitoring of breathing, behaviour and natural sleep.

5.2 HARDWARE DEVELOPMENT

Future research investigating the effects of chronic light stimulation of muscle requires the
implantation of hardware able to deliver light to the tongue and enable phasic stimulation of
muscle with the onset of inspiration. The hardware must also record the subsequent changes in
muscle activity and facilitate the identification of wakefulness and sleep stages (REM and
NREM). While optimal hardware for behaviour-related experiments is untethered, a skull-

secured connection point is acceptable when the targeted behaviour is sleep.

5.2.1 Light delivery requirements

The hardware that delivers light to the tongue must fulfil the following requirements:

1. Light intensity: The device must receive sufficient power to generate the light
intensities required to induce muscle contractions.
2. Minimal tethering: As noted, while optimal hardware for behavioural experiments is

untethered, a skull-secured connection point is acceptable for sleep-based experiments.
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A tethered point also simplifies data recording, reduces costs, increases the ease of
fabrication, and reduces power restrictions commonly associated with wholly
implantable devices.

3. Robust: The device must withstand surgical implantation and long-term use without
incurring damage or functional deficits.

4. Flexible: The device must be sufficiently flexible to minimise tissue damage during
implantation and allow free movement and animal comfort post-surgery.

5. Inexpensive: The device should use commercially available components that are low-
cost and/or sterilisable and reusable.

6. Adaptable: An adaptable device that can incorporate additional recording components
may benefit later experiments (e.g. a thermistor to measure local heating at the
stimulation site).

Three methods of light delivery were considered; (1) a flexible printed circuit board, (2) an

optical fibre, and (3) a wholly implanted device.
1. Aflexible printed circuit board (PCB)

A PCB for light delivery to the upper airway muscles received power via a skull-secured
pedestal. The power was then directed along a highly flexible PCB, which extends
subcutaneously from the skull and posterior to the animal’s ear before projecting anteriorly
towards the tongue tissue. LEDs soldered to the end of the PCB were secured within the tongue
tissue. Commercial fabrication of a completely customisable PCB (without electrical
components) is less than AUD$10 per unit (WellPCB, ShijiaTzhuang Hebei, China), and
standard surface mount chip LEDs cost less than $1 per unit (element14, Sydney, Australia).
The completely customisable design means spare soldering sites can be included, and future
studies can integrate other surface-mounted components and record additional data without
additional hardware or altered surgical protocols. For instance, exposed terminals can record

surface EMG activity, or thermistors can monitor localised heating.
2. An optical fibre

An optical fibre delivers light generated by an external source via a skull-secured component
(fibre optic ferrule). There are no restrictions concerning power and light intensity, and while
the fibre is less flexible than the PCB option, it should be sufficient for this application, i.e. to
extend subcutaneously from the skull to the mandible. Fibre optic fabrication is cost-effective at

approximately AUD$10 per unit (Lastek, South Australia, Australia), assuming the LED driver,
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fibre-coupled LED and patch cables are already available. If these must be purchased, there is
an additional one-off cost of approximately AUD$1,400 (Lastek, South Australia, Australia).

3. Acompletely implanted device

Wholly implanted devices that are wirelessly recharged, e.g. by inductive [516] or resonance
magnetic coupling [252], are untethered and have demonstrated biomechanical compatibility
and efficacy for wireless, ‘closed-loop’ optogenetic stimulation of peripheral tissue e.g. light
stimulation of the bladder in response to data acquired from an encircling stretchable strain
gauge that identifies filling and voiding behaviours [252]. Devices using commercially available
materials and electronic components that can be processed and assembled using standard
fabrication techniques have been developed [516]. However, these devices remain significantly

more complex and expensive than the PCB and optical fibre alternatives.

These options and how they fulfil the listed requirements are summarised in Table 5-1. For this
project, the flexible PCB with integrated LED chips was selected as our preferable light source,
and the optical fibre was selected as our alternative. Methods for the fabrication of both options
are outlined below.

Table 5-1 | Summary of devices able to deliver light stimulation to the tongue. Flexible PCBs, optical
fibres and fully implanted devices have different characteristics that make them suitable for the presented

application.
. Light . .
Device . . Untethered Flexible Robust Inexpensive | Adaptable
intensity
1.PCB x x v v v v
2. Optical fibre v x v v v x
3. Implanted x v v v x x

5.2.1.1 Flexible printed circuit board with embedded LED

The progression of the flexible PCB development is pictured in Figure 5-1. All PCBs were
designed via CAD software? and manufactured by WellPCB (ShijiaTzhuang Hebei, China). The
initial prototype used a ‘serpentine’ connection between the LEDs and the skull-secured
pedestal. This prototype was discarded as it increased the risk of soft tissue catching during
implantation and therefore increased surgery difficultly and the risk of tissue damage. It may
also increase the risk of tissue damage and animal discomfort during post-surgery movement.
The second prototype was manufactured to connect to a 12-channel electrode pedestal (P1
Technologies, Bioscientific, NSW, Australia). This prototype was discarded due to the expense

of the 12-channel system components, the predicted difficulty connecting all pins to a single

2 All CAD files for PCB manufacturing were created by Tom Kulaga, Graduate School of Biomedical
Engineering, University of New South Wales
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pedestal with dense ports, and the increased risk of between electrode contacts and noise during
data collection. The third prototype was manufactured to connect to the cheaper 6-channel
pedestal system (P1 Technologies, Bioscientific, NSW, Australia). The final iteration (Figure
5-1B) added four suture points so the PCB could be firmly secured to soft tissue. Two LED
chips were soldered to the ‘front’ of the PCB, and an additional recording component could be

soldered to the ‘back’ should it be required in future research.

Front Back Side

>

B LED clips

-£H
A

Implanted in the tongue

Female
soci{ets

6-channel
pedestal

Secured to the skull

Solder locations

Figure 5-1 | Construction of light-delivery hardware (A) Iterations of the implantable flexible printed
circuit boards (PCBs, WellPCB, ShijiaTzhuang Hebei, China) with locations for soldering two light
emitting diodes (LEDs). The progression of the development goes from left to right. (B) The final flexible
PCB design, employs a six-channel electrode system, with two locations for surface-mounted chip LEDs
and one for an additional recording component. Four suture points for securing the PCB within the tongue
are included. (C) Implantable optical fibre for the delivery of visible light from an external source to the
tongue. Two suture points are included.

5.2.1.2 Optical fibre
The optical fibre (Figure 5-1C) was constructed based on the protocol described by Sparta et al.,
2012 [517]. The primary differences from Sparta et al., 2012 are listed below.

- The optical fibre should be ~ 150 mm long, excluding the ferrule.

- The optical fibre was secured within the tongue via sutures attached to the fibre with
heat shrink (1 mm long, ~ 1.5 mm diameter) approximately 5 mm from the exposed
optical fibre tip.
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5.2.2 Recording hardware

As the proposed light delivery methods used a skull-secured component, so too did the
recording components. All components projected from their target (e.g. genioglossus muscle) to
a skull secured, 6-channel pedestal (P1 Technologies, Bioscientific, NSW, Aus) via a
subcutaneous tunnel. During data acquisition, a patch cable connected to the pedestal and

transmit data to amplifiers.

Three recording components are required. First, light stimulation must be synchronised with the
respiratory cycle. The respiratory cycle can be monitored using implanted diaphragm EMG
electrodes (invasive) or a plethysmograph-like chamber (non-invasive) where chamber pressure
indicates the respiratory cycle. Second, muscle activity within the tongue must be recorded to
quantify the effect of light stimulation. EMG electrodes originating at the skull-secured pedestal
extend behind the animal’s ear and then project anteriorly towards the mandibular symphysis to
insert into the tongue muscles. Finally, wakefulness and sleep stages are identified by the
indicator of the respiratory cycle (and therefore respiration rate) and transcranial
electroencephalograph (EEG) electrodes that connect to the skull-secured pedestal. This allows
us to determine whether light-evoked muscle responses differ when applied during REM and
NREM sleep.

5.3 METHODS

5.3.1 Animals

All procedures were approved by the Animal Ethics Committee, Macquarie University,
Australia and accord with The Australian Code of Practice for the Care and Use of Animals.
Sprague-Dawley (SD) rats were purchased from the Animal Resources Centre (Perth,
Australia). All animals were group-housed in a dedicated housing room under a 12-hour

light/12-hour dark cycle, and food and water were available ad libitum.

5.3.2 AAV vectors

Similar to Chapter 3, identical expression cassettes were packaged in either an AAV9 or
AAVMYO [344] capsid. The expression cassette contained a muscle-specific promoter (tMCK,
[330]) and a channelrhodopsin-2 variant with a gain of function substitute (ChR2(H134R))
fused to mCherry, i.e. pAAV-tMCK-ChR2(H134R):mCherry. The expression cassette was
developed by GenScript (New Jersey, USA), and packaged into AAV9 and AAVMY O by the
Vector and Genome Engineering Facility (Children’s Medical Research Institute, Westmead,
Australia). The AAVMY O plasmid was provided by Dirk Grimm (University of Heidelberg,
Germany) [344].
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The AAV9 construct (AAV9-tMCK-ChR2(H134R)-mCherry) titre was 9.04 x 10*2 vg/mL, and
the AAVMYO construct (AAVMY O-tMCK-ChR2(H134R)-mCherry) titre was 4.75 x 108
vg/mL. When the AAV9 construct was injected, 20 uL equated to 1.81 x 10** vg per animal.
When the AAVMY O construct was injected, 3.8 pL of the construct was diluted in 16.2 uL of
injectable saline, equating to the same viral load (1. 81 x 10* vg) and total volume (20um) per

animal.

5.3.3 Intramuscular AAV injection

Anaesthesia was established in an induction chamber using 5% isoflurane in oxygen delivered
at 1 L/min. The animal was removed from the chamber and placed on a nose cone where 2-3%
isoflurane (1 L/min) was delivered and maintained. When adequate anaesthesia was reached
(determined via a negative pedal withdrawal response), the animals received intramuscular
injections of one of the two viral vectors described (AAV9-tMCK-ChR2(H134R):mCherry or
AAVMY O-tMCK-ChR2(H134R):mCherry). A 25 puL syringe (model 702 LT SYR, Hamilton
Company) connected to a sterile 26-gauge needle was used to inject 20 uL of the viral vector
construct into four locations in the animal’s tongue (5uL per site, Figure 5-2). The solutions
were slowly injected, and the syringe was held in place within the tongue for an additional 15
seconds post-injection before being slowly retracted to avoid virus loss. Animals were allowed

to recover from the anaesthesia before being returned to their cage.

Genioglossus
Tip Middle Base
™
/.
Anterior Posterior

Figure 5-2 | Ventral surface of a rat tongue. Four intramuscular injection locations are labelled 1 to 4.

5.4 PiILOT STUDY #1

5.4.1 Surgical method

One week following direct intramuscular injections of AAV9-tMCK-ChR2(H134R):mCherry,
two Sprague-Dawley (SD) rats (IDs: H1 and H2) underwent a surgical procedure for the
implantation of a flexible PCB, two genioglossus EMG electrodes, two diaphragm EMG

electrodes and three EEG electrodes.
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Anaesthesia was established in an induction chamber using 5% isoflurane in oxygen delivered
at 1 L/min. The animal was removed from the chamber and placed on a nose cone where 2-3%
isoflurane (1 L/min) was delivered and maintained. Throughout the surgery, the adequacy of
anaesthesia was regularly assessed via negative pedal withdrawal responses, and core

temperature was maintained between ~36°C to ~37.5°C via a rectal thermometer and heat mat.

The animal received a subcutaneous injection of an NSAID (carprofen, 5 mg/kg) and an
intramuscular injection of an antibiotic (cefazolin, 100 mg/kg). Ophthalmic lubricant was

applied ad-lib throughout the surgery to prevent corneal desiccation.

Three sites, the skull, submandibular and diaphragm sites (Figure 5-3), were prepared for

surgery by shaving and sterilising with an antiseptic solution (Betadine).

/ "." -
[X:x)

/ / ; \ A .ﬁ_. O Shave
/ === Incisions

: X EMG insertion point
' xX Route for:
l — ooEMG/light source

— diaEMG

> 4

Figure 5-3 | Preparation for hardware implantation. Skull, submandibular and diaphragm (left to
right) regions must be shaved and sterilised (grey ovals) and incisions made (black dotted lines).
Approximate subcutaneous tunnelling routes and the insertion locations for EMG electrodes are indicated.
Created with BioRender.com

Implantation of the light source and genioglossus electrodes

Incisions were made at the skull and submandibular sites (Figure 5-3, black dotted lines), and a
subcutaneous tunnel between the incisions was created (Figure 5-3, blue line). A narrow
polyethylene tube and the light source were pulled through the tunnel from the skull to the

submandibular incision.

The connective tissue at the submandibular site was separated using blunt forceps to expose the
tongue muscle under the mandibular symphysis. Two EMG hook electrodes were inserted into
the tongue (Figure 5-3, purple ‘x’). Electrodes were ~150 mm long (PFA-coated stainless steel
0.005” bare, 0.008” coated; A-M Systems, WA, USA), and a stripped hook end was inserted

into the muscle by a 26G hypodermic needle at an angle of ~ 45°. The electrode slack was
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threaded through the polyethylene tube until the ends exited at the skull. The tube was removed

via the skull incision, and the electrodes remained within the subcutaneous tunnel.

Using the incorporated suture points (Figure 5-1B), the light source was secured between the

two EMG electrodes and within the separated muscle tissue.

The submandibular incision was closed with staples, and Vetbond tissue adhesive was applied

as required.
Implantation of diaphragm electrodes

An incision was made at the diaphragm site (Figure 5-3, black dotted line), and a subcutaneous
tunnel extending to the skull incision was created. A narrow polyethylene tube was pulled

through the tunnel from the skull to the diaphragm incision (Figure 5-3, red line).

The base of the ribs were palpated, and two EMG hook electrodes (identical to the genioglossus
electrodes) were inserted between the caudal intercostal space and into the costal diaphragm.
The electrode slack was threaded through the polyethylene tube until the ends exited at the
skull. The tube was removed via the skull incision, and the electrodes remained within the
subcutaneous tunnel. The diaphragm incision was closed with sutures, and Vetbond tissue

adhesive was applied as required.
Insertion of electroencephalography electrodes

With the animal secured on a stereotaxic frame, a scalpel was used to detach and push aside the
periosteum. The remaining tissue covering the skull surface was removed using 3% hydrogen
peroxide. Three burr holes were created (Figure 5-4A, green), and screws (0-80 thread, 4.8 mm
long; P1 Technologies) were inserted. Approximately 1 mm of the screw thread remained
exposed. 15 mm of exposed wire (total electrode length ~ 30 mm) was tightly wrapped around

the thread, and the screws were tightened to compact the wire onto the skull surface.
Securing the pedestals

All EMG electrodes (two diaphragm and two genioglossus EMG electrodes) were trimmed,
leaving ~30 mm of slack. Female sockets (Figure 5-4D) were crimped onto ~ 2 mm of exposed
wire on all 7 electrodes (four EMG and three EEG). The female pins were inserted into the
illustrated pedestal locations (Figure 5-4B). All electrode slack was stored in a subcutaneous
pocket behind the skull (Figure 5-4A).

The pedestal was secured to the skull with a two-part dental composite (Vertex Self-Curing

acrylic) gradually built up to ~ %2 way up the pedestals (Figure 5-4C). When the dental
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composite had cured, sutures or stables were used to close the skull incision, and Vetbond

adhesive was applied where required.
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Figure 5-4 | Head stage set up for Pilot 1 and Pilot 2 A) Approximate locations for screws, pedestals,
and the transcutaneous pocket for electrode slack storage. B) Two diaphragm EMG (diaEMG) electrodes,
two genioglossus EMG (ggEMG) electrodes, two EEG electrodes, and two LED connections were
connected to specific sites on two six-channel electrode pedestals. The ‘spare’ connection points were
reserved for the third EEG electrode and any additional recording components. The figure indicates
pedestal orientation from the insertion side (the larger holes). C) The pedestals were secured to the skull
via dental composite. Patch cables deliver data from the pedestal to amplifiers and power to the flexible
PCB via the pedestals. Epoxy resin was used to isolate the PCB pins. D) Female sockets were crimped to
the EMG and EEG electrodes and inserted into the 6-channel pedestals, split end first.

Post-operative care

After surgery, the animal was placed into a clean, empty, heated, and padded cage. The animal
was provided with water and moistened food, and respiration rate, righting behaviours,

grooming, and feeding were monitored. When required, analgesics were administered.

Once ambulatory, the animal was placed in a solo home cage for a minimum of 24 hours before
being returned to its group cage. The animal was closely monitored for a minimum of 3 days
post-surgery to ensure adequate wound closure, weight gain, and the absence of pain. When

required, additional analgesics and antibiotics were administered.

Habituation

A cost-effective plethysmograph was fabricated by combining a pressure sensor and a glass
vacuum desiccator (Figure 5-5). A week after surgery, animals started bi-weekly habituation
sessions in the chamber for ~ 4 to 6 hours per session. The animal remained untethered during
the first week of habituation to allow two full weeks of recovery post-surgery. During week 2 of
habituation, patch cables were connected to the pedestals so the animal acclimatised to the

additional forces imposed on the implanted hardware. The animal underwent at least four
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habituation sessions, and 1L/min active air inflow and passive air outflow were maintained at all

times.

Light stimulation
Air inflow Pressure data
EEG. EMG data

Air outflow

Animal
bedding

Figure 5-5 | The recording chamber was fabricated by combining a pressure sensor and a glass
vacuum desiccator. Light stimulation and air (1 L/min) enter the chamber, and recorded data (chamber
pressure, EEG and EMG) and air (passive) exit.

Data Acquisition

At least three weeks after intramuscular injections and two weeks after surgery, the animal
underwent the first data acquisition session. Two data acquisition sessions were conducted per

animal, separated by at least one day.

Before being placed in the recording chamber, the rats were anaesthetised in an induction
chamber using 5% isoflurane in oxygen delivered at 1 L/min. The animal was removed from the
chamber and placed on a nose cone where 2-3% isoflurane (1 L/min) was delivered and

maintained. Adequacy of anaesthesia was assessed via negative pedal withdrawal responses.

Two custom patch cables were connected to the pedestals, and EEG and EMG activity was
recorded for approximately 15 minutes. EMG and EEG signals were amplified and band-pass
filtered (EMG: 0.1 — 50 kHz, EEG: 0.03 — 0.1 kHz) via an AC/DC Preamplifier (BMA-400
Four-channel AC/DC Preamplifier, CWE Inc.). A CED Power 1401 (Cambridge Electronic
Design Limited) digitised signals at a sampling rate of 5 kHz for EMG and EEG recordings and
1 kHz for chamber pressure (plethysmograph). Data was stored on a computer using Spike2

software.

The animals were then removed from isoflurane and placed in the recording chamber. Chamber
pressure, EEG and EMG activity were recorded continuously for > 4 hours. Light stimulation
was applied intermittently throughout and was triggered ‘in phase’ with inspiration, i.e. with

inspiration onset, and ‘out-0f-phase’ with inspiration, i.e. between expiration and inspiration
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when no endogenous muscle activity was present. Diaphragm EMG activity or chamber

pressure was used to monitor the respiratory cycle and trigger light stimulation.
Necropsy

After data acquisition, a necropsy was conducted to confirm the location of the light source, the
EEG electrodes and the EMG electrodes. The general health of organs and tissues was checked,

particularly near the implanted hardware.

5.4.2 Results
Both animals (H1 and H2) recovered well from surgery. All incision sites healed, and the
pedestals remained firmly in place despite some deterioration of the dental composite around

the edges and some skin withdrawal.

5.4.2.1 Data Acquisition (EMG, EEG)

In one animal (H1), only brief periods of low-amplitude endogenous genioglossus activity were
recorded (Figure 5-6A). Phasic diaphragm EMG recordings were not obtained, and both EMG
channels had significant electrocardiogram (ECG) artefacts (Figure 5-6A, B). Chamber pressure
(plethysmography) consistently conveyed the respiratory cycle and was used to trigger ‘in-
phase’ and ‘out-of-phase’ light stimulation. Light stimulation produced increases in
genioglossus EMG activity (Figure 5-6C) and artefacts (Figure 5-6D) at different stages of the
data acquisition sessions. Artefacts were identifiable as they were also presented in the EEG
recordings as bands of activity at the frequency of the applied light, e.g. 20 Hz, and their
associated harmonics, e.g. 40 Hz, 60 Hz and 80 Hz (Figure 5-6D).

EEG activity and respiration rate (derived from the chamber pressure channel) were sufficient to
determine sleep stage (Figure 5-7A, B); however, some basic data processing was required as
EEG channel gain was insufficient. NREM sleep was characterised by slow wave EEG activity
(delta, 1-4 Hz, Figure 5-7B, C) and regular slow breathing. REM sleep was characterised by
theta activity bands (~ 7 Hz, Figure 5-7B, D) and occasionally erratic breathing rates.
Wakefulness was characterised by high-frequency EEG activity (~ 10 to 20 Hz) and irregular
breathing (Figure 5-7A, ~ 5400 s). Augmented breaths, e.g. sighs and arousal from sleep, were
detected and aided in identifying transitions between sleep stages, i.e. from REM to NREM, or
NREM to wakefulness.

Light-stimulated genioglossus EMG activity was recorded during NREM (Figure 5-7C) and
REM (Figure 5-7D) sleep. While the amplitude of the stimulated EMG appears smaller in REM
sleep (Figure 5-7D), this was likely due to the stimulation protocol (1 ms pulse widths) rather

than sleep stage.
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Figure 5-6 | Endogenous EMG recording was difficult to obtain, and light stimulation produced
increases in muscle activity and artefacts (A) Brief and low amplitude periods of endogenous
respiratory-linked genioglossus EMG (ggEMG) were present. However, no endogenous respiration-
linked diaphragm EMG (diaEMG) was recorded. ECG artefacts were present in the (A) ggEMG and (B)
diaEMG channels. Light stimulation induced (C) increases in ggEMG activity and (D) artefacts in both
the EMG and EEG channels. D) Artefacts generated by 10 ms pulses repeated at 20 Hs, 40 Hz and 60 Hz.
Artefacts in the EEG channel are evident at the stimulating frequency and the associated harmonics.
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Figure 5-7 | Pilot study #1 recorded periods of EEG, genioglossus EMG (ggEMG) and respiratory
data (pressure). (A) ~ 2 hours of data show distinct periods of theta activity (~ 7 Hz). When high-
frequency respiratory rates are also recorded (RespRate), the animal is likely awake (e.g. ~ 5400 s). When
the RespRate is stable with only occasional bursts of activity the animal is likely in REM sleep. The grey
box identifies a transition period between REM and NREM. This is enlarged in (B), where the periods of
NREM and REM are identified. Light-induced ggEMG activity was recorded during (C) NREM and (D)
REM sleep

All channels (EMG and EEG) had significant periods of noise that temporarily obscured all
useful data. The genioglossus EMG recordings were particularly susceptible to noise due to

animal movement.

During data acquisition for the second animal (H2), commercially available patch cables were
used (6-channel cable with open-ended connections, P1 Technologies, Bioscientific, NSW,
Aus). These cables are very fine wires wrapped with non-conducting fibres. Unfortunately, they
were susceptible to failure due to ineffective soldering to the plugs that connect to the amplifiers
(i.e. the fibre rather than the wire was soldered to the plug). Cable failure occurred during this
animal’s data acquisition, so no EMG or EEG data was recorded. As this was the first cohort to
undergo data acquisition, backup cables were unavailable. New customise patch cables were

fabricated for later recording sessions.

5.4.2.2 Necropsy

At necropsy, the genioglossus electrodes and the LED appeared well secured within the muscle.
The diaphragm electrodes had dislodged and migrated approximately 40 mm rostrally along the
subcutaneous tunnelling route. All EMG electrode slack was caught in the dental composite
caudal to the pedestals, hampering their ability to extend with animal movement to minimise the
risk of electrode displacement at their insertion point. The three EEG screws remained secured
in the skull and dental composite. However, when the crown of the skull was removed,
substantial indentations in the brain tissue were evident. These findings were present in both

animals.

Infection was present in one animal (H2), caudal to the skull. This may have been caused by

irritation from the electrode slack that was caught in the dental cement.

The PCB was cut during the necropsy of H1, so functionality could not be tested upon removal.
The PCB implanted in H2 remained intact but was no longer functional. As no EMG data was
collected, and the necropsy was conducted four days after the data acquisition session, it is not

possible to conclusively state when the PCB stopped functioning.
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5.4.2.3 Conclusions

Pilot study #1 produced promising initial data for the novel surgical protocol, obtaining periods
of EEG and endogenous and light-evoked genioglossus EMG activity. The primary concerns
were associated with the confinement of the electrode slack within the dental cement, the
displacement of the diaphragm EMG electrodes, the soft tissue damage imparted to the brain

tissue by the EEG screws and the occasional light stimulation induced artefacts.

5.5 PILOT STUDY #2

5.5.1 Surgical method - Changes

One week following direct intramuscular injections of AAV9-tMCK-ChR2(H134R):mCherry,
two SD rats (IDs: H3 and H4) underwent a surgical procedure for the implantation of a flexible
PCB, two genioglossus EMG electrodes, two diaphragm EMG electrodes and three EEG
electrodes.

Two main changes were made to the protocol described in Section 5.4.1. First, as the dental
composite restricted the EMG electrode slack in Pilot 1, the electrode storage site was changed.
In this pilot, electrode slack was stored within the subcutaneous tunnels that approached the
submandibular and diaphragm incision sites (Figure 5-8). A loose suture secured a single loop
of slack at both locations. Minimal slack was maintained caudal to the skull. This change aims
to reduce the likelihood of generating an infection caudal to the skull and reduce the risk of
EMG electrode migration. Second, due to the indentations found in the brain tissue following

Pilot 1, the 4.8 mm long screws were replaced with 2.4 mm screws (P1 Technologies).
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X EMG insertion point
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Figure 5-8 | Adapted version of Figure 5-3 indicates the new locations for electrode ‘slack’, i.e. the
loops included in the genioglossus EMG (9ggEMG) and diaphragm EMG (diaEMG) electrode routes.
Created with BioRender.com
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55.2 Results
One animal (H4) did not survive the surgery. At necropsy, evidence of a pre-existing respiratory
condition was found. It was concluded that extended isoflurane exposure negatively interacted

with the condition, resulting in the animal’s death.

The other animal (H3) completed the surgery. While the diaphragm and submandibular
incisions healed well, there was a bulbous region near the diaphragm at the approximate
location of the electrode slack. As the animal did not display indicators of stress or discomfort,

data acquisition continued, and the site was monitored.

Mild dental composite deterioration and skin withdrawal from the dental composite were

present.

5.5.2.1 Data Acquisition (EMG, EEG)

In the animal that completed the surgery, no respiratory cycle recording was obtained as the
chamber pressure sensor was not functioning, and the diaphragm electrodes had broken and
protruded through the skin (< 1 mm). Fortunately, the animal did not display indicators of stress
or discomfort due to the electrode, so the data acquisition continued. Due to the above failures,
it was not possible to automatically trigger light stimulation ‘in-phase’ or ‘out-0f-phase’ with

inspiration.

Pedestal-to-patch cable connections for the genioglossus and EEG electrodes were difficult to
establish as the dental composite clogged the pedestal ports. While the animal was
anaesthetised, the ports were cleared, and brief periods of stereotypical anaesthetised EEG
activity were acquired (Figure 5-9A). No endogenous inspiration-linked EMG data were

recorded while the animal was anaesthetised.

When the animal recovered from isoflurane in the recording chamber, there were significant
periods where noise obscured all useful data. When noise was minimised, brief periods of low
amplitude inspiration-related activity (Figure 5-9B) and high amplitude behaviour-related
activity (grooming, teeth grinding and whiskering, Figure 5-9C) were found in the genioglossus
EMG channel. Periods of EEG were recorded where wakefulness, REM sleep and NREM sleep
could be identified. The activity in the genioglossus EMG channel that correlated with animal
behaviour allowed us to discriminate between wakefulness and REM sleep, as theta bands
characterise EEG activity in both. This was essential as the faulty plethysmograph and

diaphragm electrodes did not provide respiratory rate data.

Finally, light stimulation exclusively produced artefacts that obscured all data.
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Figure 5-9 | Pilot #2 produced periods of clear EEG and genioglossus EMG (ggEMG) data. (A)

Under isoflurane anaesthesia, clean EEG data was recorded. (B) In the recording chamber (not

anaesthetised), brief periods of endogenous ggEMG activity were recorded. (C) Wakefulness could be
identified by a weak theta band (~ 7 Hz) in the EEG channel and behaviour-related activity in the ggEMG

channel, i.e. (D) teeth grinding and grooming.
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5.5.2.2 Necropsy

At necropsy, genioglossus EMG electrodes remained secured within the muscle. Despite intact
sutures, the PCB had migrated superficially at the submandibular site, and the LED no longer
functioned upon removal. This may have been due to minor damage the PCB sustained during

removal.

The diaphragm electrodes remained securely anchored within the muscle despite the protrusion
of the electrode tips through the skin. However, minor localised infections were present at the
diaphragm incision site, and the location at which the electrodes had broken and protruded from

the skin (posterior to the forelimb).

No indentations were seen in the brain when the skull cap was removed.

5.5.2.3 Conclusions

Pilot study #2 produced periods of clear EMG data that allowed the identification of sleep

stages and behaviour-associated genioglossus EMG activity. Using the shorter transcranial
screws prevented brain tissue damage, and changing the electrode slack location seemed to

reduce the risk of infection caudal to the skull cap.

However, only brief periods of low-amplitude endogenous genioglossus EMG activity and no
endogenous diaphragm EMG activity were recorded during this pilot study, and light
stimulation exclusively produced artefacts. These findings contrast with successful

intraoperative recordings.

Finally, there were extended periods where noise obscured all data, potentially due to poor
connections between the female sockets within the pedestals and the male pins of the patch

cables.

5.6 PiILOT STuDY #3

5.6.1 Surgical method - Changes
One week following direct intramuscular injections of AAVMY O-tMCK-
ChR2(H134R):mCherry, two SD rats (IDs: H5 and H6) underwent a surgical procedure for the

implantation of a flexible PCB, two genioglossus EMG electrodes, and three EEG electrodes.

Several changes were made to the protocol described in Section 5.4.1. In pilot studies 1 and 2,
the diaphragm electrodes failed to provide EMG data and potentially caused the animal
discomfort due to electrode breakage or migration. While implanted diaphragm EMG electrodes

have been successful in other studies, they necessitated direct sutures to the costal diaphragm
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through an abdominal incision [455]. As diaphragm EMG electrodes in the current application
were included solely to provide respiratory cycle data and trigger light stimulation, a role
chamber pressure data can similarly and non-invasively provide with less impact on the

animals, they would no longer be implanted.

To reduce the risk of light stimulation-induced artefacts, additional isolation of the electrical
components of the PCB by the two-part epoxy was applied. Additionally, when securing the
pedestals to the skull with dental composite, the six connection points were temporarily covered
to avoid blockages. This allowed more effective connections between the pedestal and patch

cable during data acquisition and reduced the risk of noise in the data channels.

Greater separation of the submandibular connective tissue and muscle fibres allowed the LED to

be secured deeper in the tissue to ensure adequate illumination.

5.6.2 Results

One animal (H5) healed well from the surgery. The second animal (H6) developed some
inflammation around the dental composite that appeared painful when touched. As this was
likely due to sharp dental composite edges, the animal was briefly anaesthetised (5% isoflurane
induction in the chamber, then 2-3% isoflurane via nose cone), and the dental composite was
trimmed. After the correction, visible irritation had reduced, and the animal healed well at all
incision sites. However, two electrode wires were cut or exposed during the dental composite

trimming.

Dental composite deterioration was evident in both animals. H6 showed considerable skin

withdrawal from the dental composite but displayed no indicators of pain or discomfort.

5.6.2.1 Data Acquisition (EMG, EEG)

Respiratory signals were consistently obtained via the chamber pressure channel and allowed
‘closed loop’ stimulation. ‘In-phase’ light stimulation was triggered by the respiratory signal
rising over a threshold that indicated inspiration onset (Figure 5-10A), and ‘out-of-phase’ light
stimulation was triggered by the trace falling below a specified threshold that indicated the end
of expiration. The respiratory signals consistently indicated augmented breaths, pauses in
breathing, and changes in respiration rate (Figure 5-10D) that contributed to sleep stage

identification.
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Figure 5-10 | Data acquired during Pilot #4. (A) The chamber pressure signal afforded closed-loop
light stimulation. B) EEG data was recorded while the animal was under isoflurane, and C) during NREM
and REM sleep. Augmented breaths indicated transitions between sleep stages or REM sleep when
accompanied by slowed breathing.
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EEG signals improved in clarity and consistency. This cohort provided clear EEG signals when
anaesthetised (Figure 5-10B) and during wakefulness and natural sleep in the recording chamber
(Figure 5-10C). The improved EEG and respiratory signals allowed efficient sleep stage
identification. Figure 5-10C shows a transition period between NREM and REM sleep,
identifiable by the change in EEG activity from delta (0.5 to 4.5 Hz) to theta (~ 7 Hz) wave
dominance. The respiratory signal also indicates a NREM to REM transition. During NREM,
breathing is consistent at ~ 110 breaths per minute. The change to REM sleep is first indicated
by an augmented breath (possibly a micro-arousal) and a shift to more variable and

intermittently erratic breathing.

No phasic inspiration-related genioglossus EMG activity was obtained, and the activity in the
EMG channel correlated to animal behaviour (grooming, teeth grinding and whisking). Light
stimulation exclusively generated artefacts that obscured all EMG activity despite increased

efforts to isolate the electrical components of the PCB.

The dental composite again caused difficulty establishing patch cable connections as it clogged
pedestal ports; subsequently, the risk of noise due to potentially impeded contacts was elevated.
During the second data acquisition session for H6, the skull cap (i.e. the two pedestals, the
dental composite and the underlying skull) spontaneously detached, and the animal was

immediately terminated under isoflurane.

5.6.2.2 Necropsy results

At necropsy of H6 (post-emergency termination via isoflurane), the animal seemed to be in
otherwise good health. The EEG screws had not produced any soft tissue damage to the skull,
and the skull cap did not exhibit any obvious damage that may have contributed to spontaneous
detachment. Other factors that may have contributed to the detachment include insufficient
preparation of the skull’s surface prior to dental composite application, poor dental composite
curing, and/or disruption of the dental composite/skull interface during the additional corrective
surgery that smoothed the composite edges. LED function was not tested as it was cut when the

animal was removed from the recording chamber for termination.

5.6.2.3 Conclusions

Pilot study #3 greatly improved respiratory and EEG data acquisition, allowing easy
identification of sleep stages. However, an alternate method for securing the hardware to the
skull is required due to repeated issues related to the dental composite, i.e. general deterioration,
skull cap detachment, and clogged pedestal ports. This is essential for future preclinical studies

where data acquisition sessions may be repeated over several weeks. Additionally, despite
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increased efforts to isolate the electrical components of the PCB, light stimulation continued to

generate artefacts in the EMG channel, and a new light delivery method is required.

5.7 PiLOT STuDY #4

5.7.1 Surgical method - Changes

The primary purpose of pilot study #4 was to test the feasibility of implanting an optical fibre
rather than a flexible PCB and to confirm the absence of artefacts when light stimulation was

triggered. The single animal (H7) did not receive any intramuscular injections and underwent

surgery to implant an optical fibre for light delivery to the tongue (optical fibre construction is

outlined in Section 5.2.1.2), two genioglossus EMG electrodes, and three EEG electrodes.

Following the persistence of light stimulation artefacts in the prior pilot studies, an optical fibre
rather than a flexible PCB was implanted. An optical fibre delivers light generated by an
external source (laser or LED), and unlike the PCB, no power transfers across any implanted
components. The optical fibre was connected to the skull via an optic ferrule, and all EMG and
EEG electrodes projected to one 6-channel pedestal (Figure 5-11A-C). The optical fibre
followed the same route as the flexible PCB, i.e. alongside the ggEMG electrodes that extend

from the skull, behind the ear, and to the submandibular incision (Figure 5-8).
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Figure 5-11 | Altered version of Figure 5-4, describing head stage set up for Pilots 4 and 5. (A)
Approximate locations for screws, pedestal, and optical fibre ferrule. (B) Two genioglossus EMG
(99EMG) electrodes and three EEG electrodes connect to specific sites on a six-channel electrode

pedestal. The figure indicates the orientation from the insertion side of the pedestals (the larger holes).
(C) The pedestal and ferrule are secured to the skull by a dental composite and, during recording, connect
to patch cables for data and light transfer, respectively. (D) The female pins are crimped to the wires at
the solid end and inserted into the pedestal split end first.

Due to the previous dental composite deterioration, clogged pedestal connection ports, and the
detachment of the skull cap during data collection in Pilot 3, an alternate method of securing the

pedestals was used. In this pilot study, the skull was prepared using OptiBond Primer and
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OptiBond Adhesive (as per product instructions), and the pedestal and ferrule were secured in
place by Tetric EvoFlow dental composite (as per product instructions). The new dental
composite was gradually built up and intermittently cured until ~ % of the pedestal and ~ ¥ of

the ferrule was covered (Figure 5-11A).

This pilot study also used a pen-style cordless drill for craniotomies. The new drill allows better
control that minimises soft tissue damage and improves EEG connections when combined with

the shorter screws added in Pilot 2.

5.7.2 Results
The new skull preparation and dental composite were more straightforward and quicker to apply
than the previous method, reducing anaesthesia time. Patch cable connections were easy to

establish, and no composite deterioration was evident.

During the three days of close monitoring after the surgery, the animal lost over 10% of its pre-
surgery weight. While there were no behavioural indicators of pain or discomfort, and all

wounds healed well, data acquisition was brought forward and performed under anaesthesia.

5.7.2.1 Data Acquisition (EMG, EEG)
No stimulation-induced artefacts were recorded in the genioglossus EMG channel, and EEG

activity was consistent throughout.

5.7.2.2 Necropsy

At necropsy, the sub-mandibular incision was reopened, and the external LED was triggered,
confirming that the optical fibre was intact and able to deliver light stimulation to the base of the
tongue. While the sutures securing the optical fibre remained in place, the optical fibre tip
shifted slightly laterally from the original location. This shift was likely due to the

comparatively stiffer material and the single set of sutures used to secure the fibre.

One of the genioglossus electrodes protruded into the oral cavity, and the hooked tip was lodged

in the ventral surface of the tongue. This was likely the cause of the animal’s weight loss.

5.7.2.3 Conclusions
The optical fibre and new dental composite were successful in this pilot study. No light
stimulation-induced artefacts were recorded, and no dental composite deterioration occurred.

Additional sutures are required to hold the optical fibre in place and avoid lateral displacement.
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5.8 PILOT STUDY #5

5.8.1 Surgical method — Changes
One week following direct intramuscular injections of AAVMY O-tMCK-
ChR2(H134R):mCherry, one SD rat (ID: H8) underwent a surgical procedure for the

implantation of an optical fibre, two genioglossus EMG electrodes, and three EEG electrodes.
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Figure 5-12 | Chronic implantation of an optical fibre for Pilot 5. A) Skull, sub-mandibular and
shoulder (left to right) regions must be shaved and sterilised (grey ovals) prior to incisions (black dotted
lines). Approximate routes for subcutaneous tunnelling for the genioglossus EMG (ggEMG) electrodes
(blue) and optical fibre (orange) are indicated. The optical fibre was secured at three points (green), and
the EMG electrodes were inserted at two points (purple). The inset image displays the region where the
tissue was separated (red) immediately posterior to the mandibular symphysis for effective light source
placement. Created with BioRender.com B) One set of sutures was secured to the optical fibre via shrink

wrap, and two additional single sutures were unattached and loosely applied.

Due to the displacement of the optical fibre tip in Pilot 4, a different subcutaneous tunnelling
route between the submandibular and skull incisions was used (Figure 5-12A). This change
reduced the amount of flexion in the fibre before insertion into the tongue muscles. Two
additional sutures were included (Figure 5-12A, B). One suture secured the fibre immediately
upon entering the submandibular incision, and the second secured the fibre at a new incision site
located posterior to the forelimb. The genioglossus electrodes also followed this altered route to

minimise the tunnelling (Figure 5-12A).
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5.8.2 Results

After surgery, all wounds healed well, but the animal lost weight during the first recovery week
(=< 5% of body weight). A minor infection at the sub-mandible incision site was found during
the removal of the external stitches (under isoflurane anaesthesia) and was attributed to internal
sutures protruding from the incision site. The wound was reopened and cleared of infection. The
internal sutures were trimmed, and the wound was closed. Additional antibiotics (cefazolin, 100
mg/kg) and painkillers (carprofen, 5 mg/kg) were administered. The infection resolved quickly,

and regular weight gain was reinstated.

5.8.2.1 Data Acquisition (EMG, EEG)

Excellent EEG signals were obtained throughout the recording sessions. Under anaesthesia,
EEG recordings displayed dose-dependent changes. Greater concentrations of isoflurane
produced sparse and high amplitude spikes of EEG activity, which increased in density and

decreased amplitude when isoflurane concentration was reduced (Figure 5-13A).

While the animal was in the recording chamber, EEG was recorded for approximately 4 hours
without significant interference. Figure 5-13B shows approximately 1.5 hours of uninterrupted
data. When combined with the pressure channel that indicates respiration rate, wakefulness and
sleep stages were easily identifiable. Figure 5-13B (~ 600 and 1400 seconds) shows repetitive
periods of NREM sleep separated by micro-arousals, i.e. single peaks in the respiration rate
channel, and a clear transition to REM sleep at ~ 1550 seconds, indicated by the dominance of

the theta band in the EEG channel and the increased variability in the respiration rate.

Two distinct EEG channels were created when the patch cable from one of the three EEG
electrodes was ‘daisy chained’ (Figure 5-14). ‘EEG #1’ has greater activity in the theta wave
band (~ 7 Hz) during NREM sleep than ‘EEG #2’ (Figure 5-14B). Conversely, during REM

sleep, both channels show increased delta wave activity (~ 0.5 to 4 Hz, Figure 5-14C).

Figure 5-13 | Pilot #5 generated excellent EEG recordings (A) while the animal was anaesthetised,
with sparser activity when greater isoflurane concentrations were applied. (B) EEG was also consistently
recorded when the animal was in the recording chamber, and wakefulness (e.g. 100 to 400 seconds) and
sleep stage identification were possible. A NREM and a REM stage are identified.
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Figure 5-14 | Daisy-chained EEG patch cables produce two different EEG channels. (A) Each
channel displays different intensities of activity bands characteristic of wakefulness, REM and NREM.
(B) During REM sleep, the ‘EEG #2’ channel displayed theta wave activity (~ 7 Hz). This was absent in
the ‘EEG #1° channel. (C) Both channels display increases in delta wave activity (0 to 4 Hz) during
NREM sleep

Despite visible tongue contractions generated when an external light source was applied
intraorally, no visible movement or EMG activity was observed or recorded when the implanted
optical fibre delivered light stimulation. It is unclear whether this was due to poor optical fibre

positioning or poor EMG electrode position in relation to the regions of opsin expression.

5.8.2.2 Necropsy

At necropsy, the optical fibre was functional and in its original location.

One genioglossus EMG electrode was slightly dislodged. This likely occurred when the
submandibular incision was reopened to reduce infection rather than during natural animal

movement.

5.8.2.3 Conclusions

Pilot study #5 produced clear and consistent EEG and respiration cycle signals, and wakefulness
and sleep stages were easily identifiable. The excellent EEG signals were attributed to the new
cordless drill, the smaller screws, and the new dental composite that optimally secured the

hardware and improved the pedestal-to-patch cable connections.

Clear and consistent EMG signals from the genioglossus were not achieved. As a result, it was
not possible to confirm that the optical fibre was in the correct position to stimulate the tongue
muscles. However, this study did demonstrate that an optical fibre is the preferred method for
light delivery, as stimulation-induced artefacts were not produced in any recording channels,

and the optical fibre remained functional at necropsy.

5.9 DiscussioN

This chapter presents a series of pilot studies aimed at developing a surgical protocol for the
chronic implantation of hardware to deliver light stimulation to upper airway muscles during
natural sleep and records subsequent changes in muscle activity (the complete protocol is
available in the Appendix). While methods for achieving high-quality EEG recordings, from
which it is possible to consistently discriminate between wakefulness and sleep stages, and

respiratory data from a custom plethysmography setup were achieved, further developments are
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required to achieve reliable genioglossus EMG signals and to confirm that positioning of the

optical fibre is suitable for evoking light-stimulated muscle activity.

The EEG channel successfully recorded high-amplitude low-frequency waves (delta activity,
0.5 — 4.5 Hz) indicative of NREM sleep and low-amplitude mixed-frequency activity (theta
activity, 4 — 8 Hz) indicative of REM sleep. Wakefulness presented a similar EEG profile to
REM sleep but could be identified by rapid and irregular breathing (e.g. Figure 5-13B, 200 to
400 seconds) in the plethysmography channel. In contrast, REM sleep was identifiable with
slower breathing with sporadic augmented breaths (e.g. Figure 5-13B, 4000 to 4400 seconds).
The plethysmograph also detected micro-arousals, pauses in breathing, deep breaths and gasps
(e.g. Figure 5-10 and Figure 5-14). These events also aid in sleep stage identification as they are
common at transitions between sleep stages. Finally, the respiratory data derived from the
plethysmography channel allows inspiration-linked light stimulation to be triggered
automatically (e.g. Figure 5-10A). As this pressure signal is likely delayed compared to
inspiratory muscle activity, a small study to calibrate the signal to a more temporally precise
indicator of inspiration onset, e.g. pre-inspiratory genioglossus muscle activity measured via
standard intraoral EMG electrodes (i.e. not implanted, described in Chapter 2), may be
beneficial. Finally, where EEG and respiratory data were sufficient for sleep stage

identification, all animals experienced REM and NREM sleep in the recording chamber.

It was concluded that implanted optical fibres were the best method for delivering light
stimulation to the tongue as they did not produce artefacts, likely because they transmitted light
rather than power. Moreover, optical fibres are cost-effective, robust, and relatively flexible.
However, despite the difficulties faced when using flexible PCBs, they may still have utility as a
chronically implanted device but will require significant improvements in encapsulation to
avoid generating artefacts. Their ability to incorporate a broad range of recording options in
addition to LEDs for a relatively low cost, and with no additional surgical steps or hardware, is

particularly advantageous.

Despite recording genioglossus activity via the pedestals and patch cables during the
implantation procedure, consistent recordings of endogenous or light-induced genioglossus
activity were not achieved during sleep, wakefulness or under anaesthesia approximately two
weeks later. Future work should focus on determining a better method of securing the implanted
hook electrodes or an alternative method for monitoring the effects of chronic light stimulation
on upper airway muscles that express opsins. As noted previously, monitoring upper airway
muscle activity via implanted genioglossus EMG electrodes during natural sleep in rodents has

been done previously, however, it is typically limited acute responses to acute intervention
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administration [87, 188, 455, 515], and no literature described instrumentation procedures with
recording sessions more than two weeks after surgery. One method used to secure genioglossus
electrodes was introducing a knot in the electrode lead (~1 mm diameter) and burying the knot

within a pocket in the tongue muscle. The pocket was then closed using non-absorbable coated-
silk sutures, and the electrode lead was knotted to the suture to maintain its position [455]. This

is a potential option for future studies.

It is important to note that, as in these pilot studies, previous research in non-anaesthetised mice
has reported no discernible respiratory-related tongue muscle activity in awake and sleeping
mice despite anaesthetised mice exhibiting clear respiratory modulation [188, 455]. Instead,
tongue muscle activity was minimal during REM and NREM sleep except for transient
activation during REM sleep, and activity during wakefulness was primarily associated with
behaviours such as grooming [455]. This contrast between phasic muscle activity recorded in
anaesthetised and non-anaesthetised animals was explained by reports that some anaesthetics
can induce strong phasic inspiratory activity in the hypoglossal nerve via altering activity in pre-
motor neurons [518]. While this is unlikely to have caused the absence of phasic activity in
these pilot studies (phasic genioglossus activity was also challenging to acquire when the
animals were anaesthetised prior to being placed in the recording chamber), it is an important

factor to consider in future research.

While stimulation-induced tongue muscle activity has been achieved during wakefulness and
sleep [515], it was not achieved in these pilot studies. Fortunately, EMG recordings are not the
sole method for quantifying the efficacy of muscle-stimulation therapies for OSA during natural
sleep. Instead of chronically implanting EMG electrodes, daily recordings (~ 7 hours per day, 7
days per week) of EEG and chamber pressure (i.e. respiratory cycle) to monitor sleep stages and
trigger light stimulation could be conducted. Across the 8 weeks, regular experiments under
anaesthesia using intra-oral genioglossus EMG electrodes (insertion described in Chapter 2)
could determine whether the chronic light stimulation applied in the chamber during natural
sleep altered acute light-evoked muscle responses. Provided the plethysmography setup is
sufficiently sensitive to detect changes in inspiratory flow following light stimulation during
REM and NREM sleep (which remains to be determined), this approach may provide the same
information without the added complications of the chronically implanted EMG electrodes. A
similar approach has been used in investigations into DREADDs (Designer Receptors
Exclusively Activated by Designer Drugs) for OSA [15, 16]. In these studies, genioglossus
EMG responses to DREADD ligand administration were quantified under anaesthesia, and

efficacy during natural sleep was quantified using polysomnography parameters (total sleep
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time, sleep efficacy, the percentage time in REM and NREM, and number and duration of sleep

bouts) and maximal inspiratory flow [16].

This pilot work outlines the early development of a novel surgical protocol that will allow
determination of whether chronic light stimulation alters acute light-evoked muscle responses.
As it stands, animals typically tolerated the surgery well, and by the final study, EEG and
respiratory data were consistently recorded and allowed the identification of wakefulness, REM
and NREM sleep. These studies also established optical fibres as the best method for delivering
light stimulation to the tongue throughout a multi-week protocol and demonstrated that said
light stimulation could be synchronised with the respiratory cycle. While additional pilot studies
are still required to determine how best to record EMG activity in the tongue, considerable

progress has been made.
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Chapter 6 SUMMARY, DISCUSSION, AND CONCLUSIONS

6.1 SUMMARY OF RESULTS

This thesis presents a series of studies with the overarching objective of providing preclinical
proof-of-concept for a minimally invasive, optogenetics-based muscle stimulation therapy for
obstructive sleep apnoea (OSA). This encompassed the development of a suitable optogenetic
construct for targeted opsin expression in, and light-evoked stimulation of, the tongue muscles
of rats (Chapters 2,3), leading to upper airway dilation (Chapter 4), and development of both an
acute model of OSA that recapitulates the sleep-related decrements in dilatory muscle activity

(Chapter 2), and a protocol for long-term studies of regular light stimulation (Chapter 5).

The first two studies generated and refined a novel optogenetics construct with improved
expression levels and biodistribution profile compared to previous muscle-directed gene
therapies, through the use of a muscle-specific promoter (tMCK, Chapter 2) and a highly
myotropic capsid (AAVMYO, Chapter 3). Specifically, the muscle-specific promoter, tMCK,
produced 470% greater opsin expression in the tongue than the non-specific CAG promoter
(p=0.013, RM-ANOVA) that has been used in all previous studies [235, 255]. Also, there was
minimal systemic expression and no CNS expression following retrograde transmission despite
AAVIs proven ability to do so [499, 500]. In a newly established rodent model of OSA that
recapitulates human sleep-associated upper airway muscle hypotonia, this tMCK driven
optogenetic construct facilitated a ~66% increase in muscle activity over that recorded during
unstimulated breaths (p<0.001, linear mixed model) under light stimulation. The light-evoked
responses were independent of the level of endogenous activity, confirming that this approach
can boost impaired dilator muscle function (Chapter 2). An engineered and highly myotropic
rAAYV serotype, AAVMYO, driven by tMCK further increased muscle activity with light
stimulation to ~194% of that recorded during unstimulated breaths (p<0.001, linear mixed
model) with a similar biodistribution profile to the tMCK-AAV9 construct (Chapter 3).
Ultrasound imaging demonstrated that light-evoked muscle contractions translated into airway
dilation, and that contraction strength could be altered with changes in stimulation protocol.
Where light-evoked muscle contractions were present, these persisted 12 weeks post-injection,
albeit at reduced strengths at the final timepoint (Chapter 4). Finally, a surgical protocol was
developed for the chronic implantation of light delivery hardware and recording electrodes in
rodents and a pilot study conducted (Chapter 5), although further work is required for reliable
EMG recordings of genioglossus activity. This will allow us to determine the effects of acute

and chronic light stimulation on opsin-expressing upper airway muscles during natural sleep.
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6.2 DEVELOPING AN OPTOGENETIC STIMULATION THERAPY FOR OSA

While there is no ‘one size fits all” approach to the design of preclinical gene therapy studies,
there are general objectives that aim to support and guide the design of preclinical data needed
to support Phase 1 Clinical Trials. First, ‘proof-of-concept’ for the proposed gene therapy
product should be established. Second, a pharmacologically effective dose range needs to be
identified (i.e. minimally effective and optimal biological doses). These are used as the basis for
dose-escalation studies for human clinical trials. Third, preclinical studies should describe the
biodistribution of the gene therapy product, provide data on all organs (target or non-target),
identify potential toxicities, and confirm gene therapy persistence, mobilisation and shedding.
These studies should use the clinically proposed gene therapy product and route of
administration and should be longitudinal, monitoring potential acute and chronic effects in
terms of efficacy, biodistribution and potential toxicities. Concerning viral vectors specifically,
replication incompetence, absence of integration, and latency must also be confirmed. Potential
immunogenicity should be investigated, and methods of evading immune responses, should they
be required, should be established [519, 520]. Upon completion, the gene therapy can then

progress to first in human trials and Clinical Trials, Phases 1 to 3.

This thesis presents preclinical proof-of-concept for a novel optogenetics-based muscle
stimulation therapy for OSA — the first step in this preclinical research process. It establishes a
candidate viral vector platform for delivering a standard channelrhodopsin to the upper airway
muscles, reporting that an engineered rAAV serotype (AAMYO) driven by a muscle-specific
promoter (tMCK) generates strong and specific opsin expression in the upper airway muscles
following direct intramuscular injection. The opsin expression produced in the tongue was
sufficient for light stimulation to restore or boost muscle contractions and airway dilation in a
rodent model of human sleep-associated upper airway hypotonia. This thesis also provided early
biodistribution data indicative of a strong safety profile. The novel construct and local
intramuscular route of administration generated minimal systemic expression and no CNS
expression, and the strong light-evoked responses may allow further reductions of an already
low viral load (3.4- and 4.6-fold lower viral loads than reported in similar rodent applications of
optogenetics-based muscle stimulation [255, 496]). Finally, this thesis has commenced the
development of surgical protocols that will allow long-term efficacy and safety data to be

acquired.

Prior to translation to clinical trials, significant work is still required. We must (1) optimise
light-evoked responses by determining which opsin can be most effectively activated in larger

human muscles; (2) We must confirm that we can consistently induce strong opsin expression
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with low viral loads that (3) persist over time. Next, (4) we must establish a strong safety profile
by optimising tissue specificity and minimising systemic distribution or expression; and finally

we must (5) develop appropriate light delivery hardware for human OSA patients.

6.2.1 Light stimulation

Effective optogenetics-based muscle stimulation requires sufficient opsin expression in the
targeted muscle and sufficient illumination of the targeted muscles. Experiments achieved
strong light-evoked muscle contractions and airway dilation, more predominantly localised to
the region of tissue closest to the light source. This can be attributed to the poor penetration
ability of blue light and the single (focal) light source, resulting in the illumination of only a
small portion of the opsin-expressing tongue muscle tissue. This reflects a key issue associated
with the translation of optogenetics from preclinical studies to clinical studies, i.e. the increase
in the tissue volume combined with the poor penetration abilities of visible light. Fortunately,

considered opsin selection and light-delivery technology can circumvent these issues.

6.2.1.1 Opsins

Experimental work (Chapters 2 and 3) clearly showed that the channelrhodopsin-2 (ChR2)
variant, ChR2(H134R), achieved strong, albeit localised, light-evoked muscle contractions and
airway dilation (Chapter 4). ChR2(H134R) and ChR2 are both activated by blue light and are
currently the only opsins used for optogenetics-based muscle stimulation in rodents [235, 255,
496]. There are some limitations of developing ChR2-based stimulation, including poor tissue
penetration of blue light, which restricts the depth at which opsins can be activated [276], and
the slow kinetics of ChR2(H134R), which restricts the frequencies at which pulsed stimulation
can be effective [235, 455, 460]. These limitations hinder the generation of longer duration
light-evoked muscle contractions which is important for translation to humans, due to

significantly larger tissue volumes and a slower respiratory cycle.

An obvious next step for this research is to assess other opsins that may generate stronger light-
evoked responses and facilitate the activation of large volumes of tissue. Red-shifted opsins, e.g.
ChrimsonR [268], are of particular interest due to the greater penetration of red light through
tissue [276] which will allow myofibers further from the light source to be activated and
therefore more complete muscle contractions and airway dilation to be generated. Similarly,
CatCh, a higher sensitivity opsin with fast kinetics [281], can be activated at lower light levels,
which may similarly aid in increasing the volumes of activated tissues. Furthermore, due to
CatCh’s greater Ca** permeability than ChR2 [283], it is particularly suitable for Ca?* influx
induced muscle contraction. In contrast, ChRmine [267], while red-light sensitive, has very low

Ca? conductance so may be less effective for muscle activation [283]. In silico research in
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cardiac muscle suggests that red-shifted and/or highly photosensitive opsins are likely to be
required for rodent-to-human translation [250, 521]. Another advantage of ChrimsonR is that
has been used in humans (partial restoration of vision has been achieved following rAAV-
mediated ChrimsonR expression in retinal ganglion cells of retinitis pigmentosa patients [256-
259]), so it has existing safety and efficacy data that may be leveraged for future clinical

research.

Ultra-fast opsins such as ChETA [268, 272, 461] may also be useful, as their faster kinetics
allow rapid opsin reactivation and reduce EMG ‘decay’ after rapid sequential pulses [235, 455,
456], as was reported with ChR2(H134R) in Chapter 2. Tetanic contractions were generated
using 10 ms pulses applied at 40 Hz in Chapter 4, however the amplitude and tunability of these
contractions could be further improved. Tunability could be improved with higher frequency
stimulation [254], as evident when short pulse widths (< 5 ms) were applied during the
stimulation protocol testing in Chapter 2. However, the small amplitude responses generated per
pulse need improvement. Ultrafast opsins would balance these characteristics, by allowing
longer pulses that individually generate greater amplitude responses to be applied at greater
frequencies, with the fast kinetics allowing repolarization in shorter ‘latency periods’ between
pulses. Unlike ChR2(H134R), which exhibits declines when 10 ms pulses are applied for more
than 40 Hz (Chapter 2), this will allow greater amplitude responses to be generated and

sustained over the prolonged human respiratory cycle, with frequencies exceeding 60 Hz.

Should red light not provide sufficient muscle penetration in the human upper airway for
activation of deeper transduced cells, alternatives, including step-function opsins, could be
explored to increase tonic muscle activity and/or reduce depolarisation thresholds that the
activation of spectrally distinct red-shifted opsins must overcome [271]. Alternatively, opsins
expressed in the tongue could be activated by nanoparticle technology that emits light when
activated by ultrasound [482]. This technology uses rechargeable nanoparticles injected into the
bloodstream that are activated by ultrasound when passing through lingual blood vessels, and
emit visible light [482]. Upconversion nanoparticle devices (2 mm length, ~ 500 um diameter)
could also be implanted in the tongue to trigger optogenetic activation of the dilator muscles.
These devices convert highly penetrating near infrared light into the visible spectrum, thereby

stimulating expressed opsins sensitive to a matching frequency [481].

6.2.1.2 Light delivery
In addition to blue light incompletely penetrating rodent upper airway muscles, use of a single
focal light source (LED) likely also contributed to the localised light-evoked muscle

contractions and airway dilation. For future preclinical studies, it would be useful to trial LED

141



arrays to distribute light evenly across the tongue and increase the number of opsins activated
and the size and uniformity of contractions generated. Preclinical technology for optogenetics
research is rapidly evolving, and fully implantable flexible LED arrays have also been reported
[472, 474-476], which may be useful for chronic stimulation studies, although their use in the
tongue would be challenging due to the large movements involved in other tasks such as

swallowing and mastication.

For future translation to humans, the technology required for minimally invasive illumination is
often cited as a potential barrier to many applications for peripherally targeted direct
optogenetics due to the target tissue’s volume and distance from transdermal light delivery
hardware. As the upper airway muscles are relatively small and accessible via the oral cavity,
this could be overcome for this application through the use of an oral appliance to deliver light.
In parallel with the work presented in this thesis, a ‘smart’ oral device for non-invasive light
delivery is being developed in collaboration with biomedical engineering researchers at the
University of New South Wales, Australia. An embedded sensor suite (using signal quality
weighted inputs from a microphone, accelerometer, gyroscopic and photoplethysmography
sensors) will monitor the respiratory cycle and deliver light to the targeted optogenetically
transduced upper airway dilator muscles prior to the onset of inspiration. The light-evoked
muscle contractions will subsequently mimic endogenous pre-inspiratory muscle contractions
that ‘set’ the airway and defend against large negative inspiration-related pressure swings. As a
removable device, device powering can be achieved through a ‘charging station’ that can also
provide data transfer. Importantly, oral appliances are already well tolerated by OSA patients in
the form of mandibular advancement splints, suggesting this is a practical approach from both

an engineering and clinical perspective.

6.2.2 Targeted opsin expression and optimised safety profiles

Gene therapies for optogenetics-based muscle stimulation must balance efficacy and safety.
First, viral vector constructs should achieve opsin expression sufficient to generate functionally
effective responses to light stimulation. Second, opsin expression should be specific to the
targeted skeletal muscle and delivered at the lowest effective doses to reduce risks associated
with off-target expression and high viral particle titres, including immune responses and
toxicities [330, 334-337], motor neuron death and muscle atrophy [335]. Optimising elements of
the viral vector platform for gene delivery, including the promoter, the capsid and the route of
administration, play significant roles in achieving strong targeted opsin expression, restricted

biodistribution profiles and low viral loads.
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6.2.2.1 Promoter

By restricting transgene expression to targeted cell types, tissue-specific promoters can
maximise opsin expression while minimising the potentially harmful effects of off-target
expression and high viral loads [319, 330]. Chapter 2 showed that a muscle-specific promoter
(tMCK) generated stronger and muscle-restricted expression than a non-specific promoter
(CAG) when packaged in a wild-type serotype (AAV9) and administered via intralingual
injections. Three weeks after administration, the tMCK driven construct generated 4.7-fold
greater opsin:reporter protein expression in the tongue than an otherwise equivalent CAG driven
construct. This translated into strong light-evoked increases in muscle activity and visible
muscle contractions in a rodent model of human sleep-associated hypotonia of the upper airway
dilator muscles. Notably, this was achieved despite a 3.6-fold lower viral load than our original
construct (AAV9-CAG), and a 3.4- and 4.6-fold lower viral load than equivalent non-specific
promoter driven constructs used in other studies investigating optogenetics-based stimulation of
skeletal muscle [255, 496].

tMCK also showed some potential safety benefits over a non-specific promoter. In contrast with
the CAG driven construct, tMCK did not generate any opsin:reporter protein expression in the
CNS, despite AAV9s demonstrated ability to do so following intralingual injections [499, 500].
This was an important finding considering that PNS and CNS targets for optogenetics have been
associated with motor neuron death and muscle atrophy, thought to be chiefly elicited by ChR-
mediated immunogenicity [335]. Moreover, there was minimal systemic distribution and uptake
by internal organs (liver, spleen, heart) and other skeletal muscles (diaphragm, gastrocnemius).
Like many wild-type rAAVs, AAV9 is prone to liver sequestering following systemic delivery
[344], and intralingual injections [500] when driven by a non-specific promoter. Reducing off-
target expression, particularly managing expression in the liver, is often cited as a priority as
sequestering has been associated with limited transduction efficacy and increased risks of
toxicities and liver failure with high viral loads [342, 349]. Conversely, liver-directed rAAV
gene therapies have induced systemic tolerance to transgene products [522] and may promote
long-term expression [523]. These conflicting reports will be taken into account in future work.
This safety profile was maintained when AAVMYO replaced AAV9 in Chapter 3.

These findings indicate that, in addition to inducing strong and localised expression and robust
functional responses to light stimulation, tMCK combined with intramuscular injections, may
allow reduced viral loads, and minimise the risk of toxicities, immune responses, and other
adverse events associated with off-target delivery. While numerous muscle-specific promoters

are available, and some have been used in clinical trials [364, 524], at this time, tMCK appears
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to meet the requirements for this application, however there may be further improvements in

muscle-specific promoters in future that could also be suitable for the proposed therapy.

6.2.2.2 Capsid

When work on this PhD project commenced, AAV9 was the benchmark rAAV serotype for
muscle transduction, was clinically approved for delivery of spinal muscular atrophy therapy,
and was the only serotype used in preclinical optogenetics-based muscle stimulation [235, 255,
496]. Chapter 2 confirmed AAV9 could generate strong opsin:reporter expression in the tongue
following intramuscular injections. However, engineered rAAVs were investigated as an
alternative in an attempt to mitigate some of the disadvantages associated with wild-type
rAAVs, including the high prevalence of anti-AAV seropositive patients [346], which restricts
patient eligibility for rAAV-mediated gene therapies due to immune responses [313, 348, 371,
505]. However, improvements to capsids for muscle-targeted gene therapy have occurred since,
including the development of the highly-myotropic capsid AAVMYO. Key advantages of
relevance here include that when delivered systemically in mice, AAVMYO driven by a non-
specific promoter produced significantly greater RNA expression in skeletal muscles (~ 61-fold
and 17-fold greater in the diaphragm and quadriceps femoris, respectively) and 9-fold greater
liver detargeting compared to AAV9 [344]. Chapter 3 showed that these advantages persist in
rats, and when combined with intramuscular injections and muscle-specific promoters,
AAVMY O further enhanced the tissue and location specificity reported in Chapter 2 with
AAVI. Moreover, light stimulation in AAVMY O-injected animals elicited measurable upper
airway dilations in some animals. Compared to AAV9, AAVMYO may lower effective viral
loads, minimise the risk of therapy-limiting toxicities [349, 350], reduce immune surveillance

and responses [344, 345, 351], and be clinically accessible to more individuals.

More recently, research into the development and enhancement of highly myotropic rAAVs
using similar methods to those used to develop AAVMYO, i.e. directed evolution followed by
high-throughput testing of large ‘barcoded’ rAAV libraries, has accelerated. AAVMYO has
received rational additions to further reduce off-target expression [55]. Another highly
myotropic capsid, MyoAAV was also described, with similar properties. Like AAVMYO,
systemic delivery of MyoAAV generated greater RNA and transgene expression in skeletal
muscle and greater liver detargeting than AAV9 [345]. Significantly, MyoAAV performed well
after intramuscular delivery, similar to methods used in this thesis. In particular, while the
experiments outlined in Chapter 3 report twice as much RNA expression following
intramuscular injections into our targeted muscles than AAV9, MyoAAYV produced 14 times

greater RNA expression following intramuscular injections. Notably, it was also tested in
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human myocytes, and transduction was 35 to 52 times greater [345] — a promising result for
human translation. There is considerable commercial interest in this area as well. Following
successful clinical trials using a wild-type rAAV for a Duchenne Muscular Dystrophy gene
therapy, Sarepta Therapeutics was granted a license for MyoAAV use for various
neuromuscular and cardiac indications. Regarding the proposed therapy for OSA, future studies
will need to confirm whether MyoAAV would further improve on AAVMYO’s functional
responses to light stimulation, but it may present an opportunity to leverage safety and efficacy
data produced from ongoing preclinical and clinical research targeting other muscles.

6.2.2.3 Route of administration

In the context of the proposed optogenetics-based muscle stimulation therapy for OSA, the
benefits of intramuscular injections over systemic distribution are; (1) Intramuscular injections
are associated with strong safety profiles and efficient transgene expression. As a result, they
will facilitate (2) effective light-evoked airway dilation and (3) may enable targeted therapy
aimed at patient-specific sites of collapse.

6.2.2.3.1 Biodistribution and safety

Compared to systemic delivery, intramuscular injections result in relatively modest vector
uptake in non-targeted tissue [366], are less susceptible to pre-existing anti-AAV humoral
immunity [367, 368], and are associated with fewer serious adverse events [323]. Targeted
delivery allows reduced viral loads, with clinical trials administering a maximum of 7.5 x 10%
vector copies versus 1.5 x 107 for systemic administration [338]. In this thesis, intralingual
injections of either AAV9 or AAVMY O driven by tMCK generated robust opsin:reporter fusion
protein and RNA expression, and high viral DNA copy numbers in the tongue, but no
expression in the CNS and minimal or no systemic distribution or uptake by all other tissues,
including the liver. This early biodistribution data contrasts with existing data using systemic
administration of a tMCK-driven by a wild-type rAAV, which generated efficient skeletal
muscle targeting, but found that the greatest vector copy numbers remained in the liver and
required 16.6- and 33.1-fold higher viral loads (3 x 10%2 and 6 x 102 vector copies) to generate
functionally effective transgene expression [525]. The results from this thesis add to the existing
literature on the relative safety benefits of intramuscular injections compared to systemic

administration for muscle-targeted gene therapy.

It should be noted that intramuscular injections have been associated with a greater risk of anti-
transgene immune responses than systemic administration [526, 527], however minimal
research has been conducted regarding optogenetics. ChR2-mediated immunogenicity has been

reported following injections into the lower limb's anterior compartment, producing severe
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adverse events, including motor neuron death and muscle atrophy. This immune response and
associated adverse events were moderated using slow-release immunosuppressants, and opsin
expression was maintained for up to 12 weeks post-administration [335]. Regardless, future
preclinical studies for the proposed OSA therapy will need to conduct thorough biodistribution
and toxicity studies to monitor the presence or absence of immune responses, including anti-
AAV and anti-opsin antibodies over an extended period of time and to determine whether

adjunct immune suppression is required.

6.2.2.3.2 Tongue contraction versus dilation

All experiments described in this thesis aimed to saturate the tongue with opsin expression via
four 5 pL intramuscular injections distributed throughout the tongue. This decision was based
on reports that electrical stimulation of multiple tongue muscles (i.e. intrinsic and extrinsic,
protruders and retractors) generated greater airway dilation, pharyngeal stiffening and/or
increased airflow than electrical stimulation of a single muscle group [36, 37, 46, 72]. In
Chapter 4, it was demonstrated that the opsin expression achieved strong but highly localised
light-evoked muscle contractions and airway dilation. While promising, it was noted that the
light-evoked contractions did not mimic endogenous contractions associated with a standard
breath. The reasons for this were likely two-fold; (1) simultaneous activation of indiscriminately
expressed opsins in myofibres of the intermingled muscles of the tongue does not reflect natural
physiological muscle activation in the tongue [31, 73, 77]; and (2) the single light source
delivering blue light ineffectively penetrates tissue and thus activates only the local area where
light penetration is sufficient. As a result, light stimulation produced intense local contractions
rather than an anterior-posterior ‘shift” of the tongue. While interesting, a non-physiological
pattern of may not be a barrier to effective maintenance of airway patency clinically. In clinical
research studies investigating hypoglossal nerve stimulation for OSA, treatment success is
defined by polysomnography data and quality of life outcomes [170, 171], and in preclinical
research, stimulation success is defined by airway dilation and measures of flow mechanics [46,
72, 498]. To generate preclinical evidence of efficacy for an optogenetics-based therapy,
achieving strong and titratable airway dilation should therefore be the priority. In this context,
the main concern is the focal nature of airway dilation induced here. This limitation may be able
to be overcome using red-shifted opsins and LED arrays that will increase the volume of
illuminated tissue and extend the strong light-evoked contractions along the length of the
tongue. It remains to be proven that such stimulation would maintain airway patency and

airflow during natural sleep, and in the presence of anatomical compromise.
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6.2.2.4 Targeting site of collapse

While saturating the tongue with opsins did achieve strong dilation in animals that responded,
and is expected to improve using red-shifted opsins and LED arrays, this ‘broad brush’
approach may not be suitable for all OSA patients. Airway collapse typically occurs at multiple
levels — predominantly at the palatal and tongue base levels, and less commonly at the
oropharyngeal and epiglottis levels [528]. Similar to the initial approach followed here,
hypoglossal nerve stimulation focuses on the muscles of the tongue. By stimulating the medial
branch of the nerve the ‘protruder’ muscles, including the genioglossus, vertical and transverse
muscles, contract and airway patency should be maintained. While this may be effective in
some patients, it is ineffective in patients with complete concentric collapse at the velopharynx
[528], and these patients are excluded from this therapy. These patients in particular may benefit
from targeted stimulation of palatal muscles, including the tensor palatini which has been shown
to stiffen the soft palate to promote nasal breathing [49, 50] or the palatoglossus which couples
the soft palate to the tongue [21, 49, 51].

In principle, an optogenetics-based muscle stimulation therapy could use targeted intramuscular
injections to deliver opsins to specific regions to tailor light-evoked airway dilation to patient-
specific sites of collapse, building on experiments reported here that saturate the tongue with
opsin expression using several intramuscular injections. This achieved robust opsin:reporter
protein expression throughout the tongue (Chapters 2 and 3), and strong light-evoked muscle
contractions and airway dilation, with little dependence on LED position (Chapters 3 and 4), but
localised to the area near the LED. As discussed above, the region of dilation could be expanded
by red-shifted opsins and LED arrays, but this also indicates that targeted muscle activation is
possible. In addition, the successful use of ultrasound to image rodent upper airway muscles
indicates that ultrasound guidance could be an effective method for administering injections to
specific muscles. Clinically, ultrasound guiding is commonly used for injections and biopsies,
e.g. delivering corticosteroids to joints, tendons and bursas, or extracting tissue samples to
check potentially cancerous cells. Based on the imaging data obtained to date, practical
preclinical targets could include the genioglossus and the geniohyoid to generate longitudinal
contractions and dilation at the tongue’s posterior. Injections in the oblique genioglossus and
vertical muscles are expected to generate vertical contractions and airway dilation in the mid-
axial plane. Successful targeting, confirmed by quantifying opsin:reporter protein expression in
the tongue, and functional light-evoked responses under ultrasound, would provide support for
patient specific, targeted muscle stimulation approaches. Finally, in the context of safety,
targeted intramuscular injections may also improve safety profile by reducing the required viral

loads compared to whole-tongue saturation.
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6.2.2.5 Variability

This thesis reported significant inter- and intra-cohort variations, particularly in the AAVMYO
cohorts. In Chapter 3, variation was seen in the light-evoked increases in EMG and in the
tongue’s viral DNA and RNA expression. In Chapter 4, variation was seen in the light-evoked
muscle contractions and airway dilation; where, of the 8 animals that received the construct,
only two produced sufficient contractions to generate airway dilation, and four animals did not
respond to light stimulation at all. Inter-cohort variation was also evident between these
chapters. In Chapter 3, strong light-evoked muscle contractions were visible in 8 of 9 animals,
whereas Chapter 4, equivalent strength contractions were visible in only 1 of 8 animals. While
all animals in these cohorts underwent identical vector administration protocols and
experimental timetables, they did receive different ‘batches’ or ‘lots’ of the theoretically
identical constructs. The two lots had different titres (4.75 x 20 vg/mL and 2.43 x 103 vg/mL),
but were diluted to deliver 1. 81 x 10! vector copies. At this time, we have confirmed the
originally stated titers and have concluded that the variation is due to the manufacturing process

— plasmid sequencing in underway.

Both intra- and inter-lot variation can occur at various stages of the viral vector manufacturing
process, and lot-to-lot variation has been reported between theoretically identical constructs
manufactured by different vector cores and those manufactured within a single core [529, 530].
Lot-to-lot variation has been reported with various serotypes, including AAV9, however the
cause of variation is not always evident [530]. Potential sources of variation include differences
in the proportion of empty versus full capsids [529, 531, 532], viral particle aggregation [533],
the presence of various impurities [534, 535] and action by residual cesium chloride (CsCl)
following CsCl-based purification [530, 536, 537]. The latter is of particular note as all
constructs reported in the thesis were generated via this method. The cell platform used for
production can also alter outcomes (insect cells (SF9) vs mammalian cells (HEK293)) [529],
and incomplete plasmid transfection can result in low titer and incomplete viral packaging.
Finally, the integrity of the vector genome can also have an effect on production quality and can
lead to poor stability and transduction efficiency of the product [538]. ITR instability in
particular has been flagged as a potential source of variation in our constructs following
investigations by the manufacturer. Further testing is required to isolate the source(s) of this

variability.

Recommendations for preclinical trials [519, 520], require evidence of product consistency by

thoroughly characterising at least three successive batches of the bulk product for identity,
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purity, potency, and safety. Once this is achieved, a more limited battery of tests can be used on

later viral vector lots.
6.2.3 Long term considerations

6.2.3.1 Persistent opsin expression

The success of rAAV-mediated gene therapies depends on the magnitude and persistence of the
transgene expression. Chapter 4 of this thesis reported that when animals exhibited light-evoked
muscle contractions and airway dilation three weeks after intramuscular injections of an
optogenetic construct, light-evoked muscle contractions persisted for three months, albeit at
reduced strengths after 8-10 weeks. This is consistent with data presented in Chapter 2 where
viral DNA and RNA expression was robust in the tongue three weeks after vector
administration, but at low levels 12 weeks after administration. Importantly, the ultrasound
studies showing that functional declines started 8-10 weeks after vector administration, indicate
that the construct successfully evaded pre-existing and acute immune responses, and thus late
functional loss is more likely to be caused by delayed adaptive immune responses [507],
skeletal muscle cell turnover [508], and/or promoter silencing [509]. As silencing is less
prevalent with non-viral promoters, such as tMCK used here, than viral promoters, e.g. CMV
[416, 417], and transgene expression in skeletal muscle has been reported up to 10 years after
rAAV administration in humans [332] due to slow myocyte turnover rates [539], these
mechanisms are less likely cause expression losses. Future studies could determine whether
inhibiting delayed adaptive immune responses will allow persistent opsin expression. Based on
previous literature where long term expression was achieved [335, 385], these studies could use
sustained immunosuppressant administration to prevent B-cell and T-cell formation throughout
the three months of repeated functional testing could be performed. Persistent light-evoked
responses by the upper airway muscles — a proxy for opsin expression — would indicate that
immune responses rather than skeletal muscle turnover produced the declines reported in
Chapters 3 and 4, therefore informing potential immunosuppression requirements for clinical
trials. Other avenues to address this challenge are possible. For example, rAAV vector re-
administration has been achieved when the initial dose is administered concurrently with
synthetic vaccine particles encapsulating immunosuppressants [386], and in seropositive
animals and in in-vitro human plasma samples when endopeptidase infusions that degrade
circulating antibodies are applied prior to rAAV administration [387]. Muscle cell turn over in
opsin expressing muscle could also be analysed using BrdU or EdU assays that ‘tag’ cells
generated after the animals receive rAAV treatments. Immunohistochemistry based experiments

at the end point (i.e. 12-weeks after vector administration) would calculate the percentage of
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BrdU or EdU positive cells verses opsin:reporter positive cells to determine whether transgene

losses are due to new cell proliferation [540].

6.2.3.2  Chronic light stimulation

Upon achieving long-term opsin expression, studies investigating the effects of chronic light
stimulation on the upper airway muscles and their responses to acute light stimulation are
required. The sole study that has investigated ‘chronic’ light stimulation in rodent skeletal
muscle found that 1 hour of pulsed light stimulation per day for 10 days mitigated muscle
atrophy and force losses following muscle denervation [254]. As optimal OSA therapy use is 7
to 8 hours per night, repeated indefinitely, this duration of light stimulation is insufficient.
Clinically, the most comparable data is from long-term use of hypoglossal nerve stimulation.
After 5 years of device use, therapeutic efficacy and adherence remain high, and stimulation-
induced side effects that were highly prevalent after 12 months of use (40% of participants
reported discomfort during stimulation, and 21% reported tongue soreness) had significantly
declined [171, 172]. While this is promising data regarding the tolerability of stimulated
contractions of the upper airway muscles, application-specific data is required.

Chapter 5 outlines the development of a surgical protocol that will enable generation of this
data, using a plethysmograph-like chamber to monitor the respiratory cycle non-invasively and
trigger light stimulation ‘in phase’ with inspiration and during natural sleep (as identified via
chronically implanted EEG electrodes) while recording evoked muscle activity and. In addition
to providing information regarding the effects of chronic light stimulation on muscle properties,
these experiments could also determine whether light stimulation disturbs sleep, based on the
presence of arousals following stimulation, and whether light-evoked muscle contractions are
effective during both REM and NREM sleep. The latter is of interest because recent studies
investigating a chemogenetic approach to inducing airway dilation use ‘designer receptors
exclusively activated by designer drugs’ (DREADDs). By targeting hypoglossal motor neurons,
this approach successfully increased dilator muscle tone [16, 232] but was found to be more
efficacious in NREM than REM sleep [16]. As Chapters 2 and 3 of this thesis found that light
stimulation was able to restore or boost near-eliminated muscle activity in a rodent model of
human sleep-associated upper airway muscle hypotonia, it seems likely that stimulation efficacy

can be maintained during REM sleep; however, this does require confirmation.
6.3 CONTRIBUTIONS TO KNOWLEDGE

This thesis has made several contributions to current preclinical research and future clinical

applications of optogenetics-based muscle stimulation; (1) This thesis presents two novel

150



techniques for rodent research, i.e. a rodent model of upper airway muscle hypotonia that
mimics muscle activity reductions seen during sleep onset in humans, and the first data using
ultrasound to quantify upper airway muscle function. (2) This thesis has improved targeting of
opsin expression for direct optogenetic control of skeletal muscle. As a result, (3) it has further
developed biotechnology that has potential utility in multiple disorders associated with loss of

muscle function.
6.3.1 Rodent research methods

6.3.1.1 A novel rodent model of human sleep-associated upper airway muscle impairment
Rodents make up approximately 95% of laboratory animals due to their small size, which
facilitates easy housing and maintenance, their short reproductive cycle and lifespan, the ease of
genetic manipulation and their genetic similarities to humans [81]. Prior to this thesis, rodent
models of OSA were restricted to obese or leptin-deficit animals with significant comorbidities
[92, 97, 220], mechanical occlusion that collapse or block the upper airway [224-227, 494] and
models of intermittent hypoxia [222]. None were suitable for quantifying pharyngeal muscle

activity restoration.

Here a novel model of sleep-associated upper airway hypotonia in humans was developed,
inspired by the clinical problem where general anesthesia using isoflurane caused upper airway
hypotonia and increased upper airway collapsibility [495]. In Chapter 2, a simple model where
increased isoflurane concentration produced reversible reductions in phasic inspiratory dilator
activity of the genioglossus in otherwise healthy Sprague-Dawley rats while having minimal
effects on diaphragm inspiratory activity was described. The development of this model has
application to preclinical testing of other novel therapies targeting the common poor muscle

responsiveness endotype that contributes to OSA [11].

6.3.1.2 Ultrasound imaging as a cost-effective method of quantifying rodent upper airway
function

Until this thesis, dynamic and static imaging of the rodent upper airway had exclusively used
magnetic resonance imaging (MRI) [15, 16, 72, 97, 100, 103]. While MRI is highly effective
and provides excellent spatial resolution and tissue contrast, it is time-consuming, expensive,
has relatively poor temporal resolution, and requires significant technological expertise. In
comparison, ultrasound is a ‘real-time’ imaging modality and is much cheaper to run. Unlike
MRIs which require dedicated magnet and control rooms with restricted access, pre-clinical
ultrasound can be housed with other equipment in standard PC2 laboratories. Finally, while

ultrasound has a more limited penetration depth than MR imaging, this did not present an issue
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in rodent upper airways until the rats reached ~ 550 g. This limitation in larger animals could be
overcome by changing to an alternate transducer with greater scan depths (e.g. MX400 to
MX250S, FUJIFILM, VisualSonics, ON, Canada).

6.3.2 Improved targeting of direct optogenetic control of skeletal muscle

This thesis presents the first use of muscle-specific promoters and engineered rAAV serotypes
for direct optogenetic control of skeletal muscle. Previously, research had exclusively used a
standard rAAV serotype, AAV9, driven by a non-specific promoter, CAG [235, 255, 496]. Two
of the three existing reports, both published in 2022, demonstrated light-evoked EMG responses
in the diaphragm and tongue following intrapleural and intralingual injections respectively. The
study investigating optogenetic control of the diaphragm, also provided evidence that light

stimulation could generate respiratory airflow.

As outlined in this thesis, the shift from CAG to tMCK, and AAV9 to AAVMYO significantly
improved the specificity of opsin expression and the light-evoked muscle responses. AAV9
driven by tMCK rather than CAG generated 4.7-fold greater opsin:reporter expression in the
tongue. Next, using AAVMYO rather than AAV9, generated over double the RNA expression
and viral DNA copy numbers in the tongue, and significantly greater functional responses to
light stimulation. Notably, this was achieved despite the new construct being administered at a
3.6-fold lower viral load, which equated to a 3.4- and 4.6-fold reduction than that administered
in the earlier studies [255, 496].

This thesis also presented the first investigation of viral DNA, and protein and RNA expression
distribution outside of the targeted muscle. In Chapter 2 it was reported that the tMCK promoter
eliminated opsin:reporter expression in the CNS. This is particularly important for pre-clinical
research considering PNS and CNS targets have been associated with motor neuron death and
muscle atrophy, thought to be elicited by ChR-mediated immunogenicity [335]. Moreover,
RNA expression and viral DNA copies numbers in all tissues excluding the tongue were low or
absent. This promising safety profile persisted when the AAV9 capsid was replaced with
AAVMYO in Chapter 3.

Finally, this data presents the first application of AAVMY O outside of systemic administration
in mice [345], indicating that the stronger muscle-specific expression achieved by AAVMYO
compared to AAV9 persists with different promoters, administration routes, and animal species.
Moreover, this data supports AAVMY O and other similarly engineered myotropic rAAV
serotypes (e.g. MyoAAYV) as an essential tool for future clinical, skeletal muscle-directed gene

therapies.
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6.3.3 Clinical applications outside of OSA

While this thesis has specifically targeted the upper airway muscles to provide proof-of-concept
for a novel OSA therapy, as a pain-free, spatially and temporally precise method of muscle
function restoration, the technology developed has potential application in other neuromuscular

disorders.

Direct optogenetic activation of skeletal muscle could be applied in disorders or injuries where
patients have sustained damage to the neural pathways connecting the skeletal muscle and the
CNS. Early proof-of-concept for an optogenetics-based therapy for diaphragm dysfunction
used intrapleural injections of a non-specific promoter-driven optogenetics construct (similar to
that described in Chapter 2) to generate opsin expression in the diaphragm [255]. While phrenic
nerve stimulation for diaphragm control is an option for some patients, those with damage to the
nerve or the phrenic motor pool are commonly ineligible as the descending stimulation will not
reach the skeletal muscle target. By directly activating diaphragm myofibers with optogenetics,
the damage is bypassed. Impaired diaphragm activation is common in many neuromuscular
diseases and spinal cord injuries, and diaphragm-targeted optogenetics may prove life-changing
for ventilated individuals with damaged or vulnerable phrenic nerves or motor pools. This
example is representative of a larger clinical population, i.e. patients with impaired descending
motor neuronal tracts (upper or lower motor neurons, peripheral nerves, motor neuronal pools,
and/or neuromuscular synapses), that may benefit from direct optogenetic stimulation of
skeletal muscle due to exclusion from, or an absence of, functional electrical stimulation
options. Clinical populations include those with muscle function losses following peripheral
nerve or spinal cord injury and disorders such as motor neurone diseases, e.g. amyotrophic
lateral sclerosis, and muscular dystrophies. Within these populations, potential muscle targets
that may benefit from spatially and temporally precise, closed-loop, optogenetics-based
stimulation are virtually limitless, e.g. fine control of the muscles required for grasping objects,
or ankle and foot dorsiflexors to prevent foot drop. Moreover, direct optogenetic stimulation

may also reduce muscle atrophy following denervation [254].

Direct optogenetic stimulation also has utility in selectively activating muscles innervated by
mixed peripheral nerves, where electrical stimulation could not provide selectivity. Moreover,
spectrally distinct opsins could be used to allow alternating activation, or simultaneous
activation and inhibition, of an agonists and antagonists. Optogenetics also has the major
advantage that it can also allow endogenous motor neuron activity to function in parallel, a
characteristic particularly beneficial in muscles with multiple roles. The mammalian larynx is a

good example, as the laryngeal nerve innervates all skeletal muscles that control the position of
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the vocal cords. As contraction of the posterior cricoarytenoid muscle opens the vocal cords and
contractions of other intralaryngeal muscles close the vocal cords, electrical stimulation of the
laryngeal nerve may not effectively modulate vocal cord opening. One of the first studies of
direct optogenetic control of skeletal muscle provided ex vivo proof that this method could be
used to manipulate the vocal cords [235]. Notably, like the upper airway muscles, laryngeal
muscles are comparatively small and shallow and, therefore, more likely to be accessible by

transdermal illumination.

6.4 CONCLUSIONS

This thesis has provided proof-of-concept for a direct optogenetics approach for boosting or
restoring upper airway muscle activity and generating airway dilation in a rodent model of
human sleep-associated upper airway muscle hypotonia. Local intramuscular injections, a
muscle-specific promoter and an engineered and highly myotropic rAAV serotype maximised
the efficiency and specificity of opsin expression, and light stimulation protocols facilitated
highly customisable and temporally precise stimulation. Moreover, the strong expression and
strong light-evoked responses were achieved with a low viral load, no CNS expression, and
minimal systemic distribution, providing a promising safety profile. Future studies exploring
novel opsins to optimise airway dilation, immunosuppression studies to facilitate long-term
opsin expression, and thorough biodistribution and toxicology studies are required to establish

the required preclinical evidence base for human clinical trials.

This thesis has also made significant contributions to preclinical research by developing a novel
rodent model of upper airway muscle hypotonia and describing the first use of ultrasound to
quantify rodent upper airway function. Finally, by introducing muscle-specific promoters and
engineered rAAVS, this thesis has advanced the viral technology used to generate opsin
expression in skeletal muscle, which has potential application beyond OSA in other
diseases/disorders associated with muscle function loss, particularly those where the integrity of

the descending motor tract is compromised.
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APPENDICES

CHAPTER 2 OPTIMISING THE VIRAL CONSTRUCT: PROMOTERS

METHODS

Pilot studies

Three vectors were obtained from the AddGene Plasmid Repository; AAV9-CAG-
ChR2(H134R)-mCherry (3.3 x 10** GC/mL, donated to the repository by Karl Deisseroth’s lab,
Addgene viral prep #100054-AAV9; http://n2t.net/179ncorpo:100054; RRID:
Addgene_100054), AAV2-CAG-ChR2(H134R)-eGFP (1.1 x 10** GC/mL, donated to the
repository by Karl Deisseroth’s lab, Addgene viral prep #100054-AAV?2;
http://n2t.net/179ncorpo:100054; RRID: Addgene 100054) and a ‘non-functional’ vector
AAV9-tMCK-eGFP (3.1 x 10 GC/mL, donated to the repository by James M. Wilson
(Addgene viral prep # 105556-AAV9; http://n2t.net/addgene:105556; RRID:Addgene_105556)
that induces reporter protein expression only. The first cohort of SD rats, received one of the
two ‘functional’ CAG vectors (AAV2-CAG-ChR2(H134R)-eGFP or AAV9-CAG-
ChR2(H134R)-mCherry) via bilateral intramuscular injections to the tongue. The second cohort
received four intramuscular injections as outlined in the primary methods. These animals
received AAV9-CAG-ChR2(H134R)-mCherry or AAV9-tMCK-eGFP.

DNA/RNA extraction

Primer sequences

Gene target Forward sequence 5’ to 3’ Reverse sequence 5° to 3’

ChR2 AGA GTG GCT GCT CACTTG TC GCG CCATAG CAC AAT CCA AG
RPL13 CAT CGT GAG GTGCCCTAC AG | GCC GAG AAA GCT CGT AGT CA
YWHAZ CCC ACT CCG GAC ACAGAATA | TGT CAT CGT ATC GCT CTG CC

Thermal cycling protocols

- ChR2:50°C 2 minutes, 95°C 10 minutes, [95°C 15 seconds, 60°C 1 minute) x 40
cycles, 95°C 15 seconds, 60°C 1 minute, 95°C 15 seconds

- RPL13 and YWHAZ: 50°C 2 minutes, 95°C 10 minutes, [95°C 15 seconds, 59°C 15
seconds, 72°C 1 minute] x 40 cycles, 95°C 15 seconds, 60°C 1 minute, 95°C 15
seconds

179



FIGURES

Variable CAG induced expression Consistent tMCK
Poor/none Strong induced expression
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Fig. A2-1. Histology results during pilot studies. The CAG driven vector (AAV9-CAG-ChR2(H134R)-
mCherry) drove highly variable levels of expression ranging from absolutely no expression to strong
opsin-reporter fusion protein expression and subsequently strong light induced EMG responses.
Conversely, a non-functional tMCK driven vector (AAV9-tMCK-eGFP) consistently drove strong
expression in all animals, equivalent to the best CAG induced response.
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Fig. A2-2. Regional differences of opsin expression within the tongue. (A) Opsin expression varies
across the three regions of the tongue (F(1.563, 12.51) = 4.81, p = 0.048) and this variation is dependent
on the promoter employed (F(2,16) = 4.719, p = 0.025). (B) The tMCK construct (grey, n = 6) induced
the most expression in the middle and base regions of the tongue, i.e. the regions where the vector was
injected, indicating that intramuscular injections of the tMCK construct induced very localised skeletal
muscle expression (Bonferroni post hoc, tip vs middle, p = 0.038; tip vs base, p = 0.041). Conversely, the
CAG construct (blue, n = 4) did not seem to induce sufficient expression to discriminate between tongue
regions. The only significant difference was a 0.58-fold difference between the tip and the base region
(Bonferroni post hoc, p = 0.021).
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Fig. A2-3. Raw genioglossus EMG activity induced by single light pulses. Pulse durations increase
from 1 ms to 300 ms (n = 1), indicated with blue shading.

VIDEOS

Video A2-1: Light-induced visible tongue contractions in rodent model of pharyngeal dilator
muscle atonia. Higher levels of isoflurane suppress endogenous phasic inspiratory drive and tongue

movements. Pulsed blue light restores tongue contractions and movement. Breathing is indicated by the
flashing red asterisks.
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CHAPTER 4 QUANTIFYING LIGHT-EVOKED AIRWAY DILATION

FIGURES

Ultrasound images acquired three weeks after intramuscular injections — Part 1
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Ultrasound images acquired three weeks after intramuscular injections — Part 2
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Ultrasound images acquired three weeks after intramuscular injections — Part 3
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Figure A4-1| Three weeks after viral vector administration, ultrasound imaging was conducted on
8 animals. Two animals (E5 and E6) displayed light-evoked airway dilation, two animals (E3 and E7)
displayed light-evoked muscle contractions (but not airway dilation), and four animals displayed no
response to light stimulation. The position of the tongue’s dorsal surface during expiration (yellow dashed
lines), inspiration (i.e. no stimulation, orange dashed lines), stimulation only (red dashed lines), and ‘in-
phase’ stimulation (i.e. stimulation and inspiration, purple dashed lines) are indicated. In the graphs on the
right, each data set represents the ventral movement of the dorsal surface during inspiration (orange),
stimulation (red), and ‘in-phase’ stimulation (purple).

184



Longitudinal data: Animal ID — E3, Part 1
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Longitudinal data: Animal ID — E3, Part 2
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Longitudinal data: Animal ID — E5, Part 1
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Longitudinal data: Animal ID — E5, Part 2
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Longitudinal data: Animal ID — E6, Part 1
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Longitudinal data: Animal ID — EG6, Part 2
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Longitudinal data: Animal ID — E8, Part 1
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Longitudinal data: Animal ID — E8, Part 2
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Figure A4-2 | Longitudinal ultrasound imaging data acquired from four animals (E3, E5, E6, E8) at

6, 8, 10 and 12 weeks after vector administration. Where light-evoked responses occurred at 3 weeks,

they persisted until 12 weeks after vector administration, but started declining at approximately 9 weeks.
The position of the tongue’s dorsal surface during expiration (yellow dashed lines), inspiration (i.e. no
stimulation, orange dashed lines), stimulation only (red dashed lines), and ‘in-phase’ stimulation (i.e.
stimulation and inspiration, purple dashed lines) are indicated. In the graphs on the right, each data set

represents the ventral movement of the dorsal surface during inspiration (orange), stimulation (red), and

‘in-phase’ stimulation (purple).

VIDEOS

Video A4-1: Sample muscle contractions and airway dilation in the mid-axial plane in response to
‘out-of-phase’ light stimulation applied to the upper airway muscles. In video text indicates
endogenous, inspiratory related contractions and dilation (no stimulation) via ‘Inspiration’, and light-
stimulation induced contractions and dilation via ‘Stimulation’.

Video A4-2: Sample muscle contractions and airway dilation in the mid-sagittal plane in response
to ‘out-of-phase’ light stimulation applied to the upper airway muscles. In video text indicates
endogenous, inspiratory related contractions and dilation (no stimulation) via ‘Inspiration’, and light-
stimulation induced contractions and dilation via ‘Stimulation’.
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CHAPTER 5 QUANTIFYING THE EFFECTS OF CHRONIC LIGHT

STIMULATION

FINAL SURGICAL PROTOCOL

Preparation of electrodes and implantable light sources

1| Construct optical fibre

i.  Strip ~20 mm off a 200-um core fibre (Lastek, Aus) using a micro-stripper

(Micro Electronics, MA, USA). For easier stripping, keep the fibre attached to
the fibre spool (Figure 5-1A).

Figure 5-1 | Optical fiber development. A) Strip using micro-stripper, B) secure the ferrule in a vice,
C) and let the remaining stripped fiber protrude through the ferrule. D) Trim the excess with a ruby-
tipped scribe, and E) secure the sutures via heat shrink. F) The final device should be ~ 150 mm
long, but can be altered for different sized animals.

ii.  Leaving ~150 mm of unstripped fibre, score the fibre from the spool using a
ruby-tipped scribe (ThorLabs, NJ, USA). Gently tap the fibre off with your
finger or a glass rod. This will leave ~170 mm of fibre (20 mm stripped, 150
mm unstripped).

When scoring the fiber, hold the scribe perpendicular to the fiber and score in
one direction in a single motion. Do not cut the fiber completely with the scribe.

iii.  Prepare two-part epoxy, and fill a 1-ml syringe with the mixture. Add a blunted
25-gauge needle.

iv. Secure the ferrule (250 um diameter; Lastek, Australia) into a vice with the

convex side down (Figure 5-1B).
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Vi.

Vii.

viii.

Xi.

Xil.

Xiii.

Add one drop (enough to fill the ferrule bore) of epoxy to the flat end of the
ferrule. Wipe any excess epoxy off the sides of the ferrule.

Insert the stripped end of the fibre into the ferrule (still in the vice) and thread it
through until the ferrule contacts the fiber insulation, leaving the excess
stripped fibre protruding through the ferrule (e.g. Figure 5-1C)

Allow epoxy to cure as per product instructions

Remove the excess stripped fibre precisely at the convex end of the ferrule
using the ruby-tipped scribe (Figure 5-1D).

Polish the convex end of the ferrule by making ~10 figure-eight rotations on
five grades of polishing paper (polish using course to fine: 9, 6, 3, 1, 0.3 pm).
Polishing must be gentle, and even pressure must be applied perpendicular to
the paper to ensure an even ferrule surface and good light output.

Strip ~1 mm off the opposite, non-ferrule end of the optical fibre using a micro-
stripper. This end will be inserted into tongue

Thread two sutures through the middle of ~ 10 mm of heat shrink (diameter ~
1.5 mm). Insert the optical fibre into the heat shrink so the heat shrink sits ~ 5
mm from the non-ferrule tip (Figure 5-1E).

Use a heat gun to contract heat shrink around the optical fibre (Figure 5-1E, F).

Test optical fibre to confirm > 70% of maximum output.

2| Construct EMG electrodes for genioglossus recording

Note: Unless otherwise stated, all wire used in this protocol is PFA coated stainless steel
wire (0.005” bare, 0.008” coated; A-M Systems, WA, USA)

Thread two ~150 mm lengths of insulated stainless steel wire through four
sterile 26G needles

For all wires strip ~ 4 mm of insulation off the end protruding from the needle
tip, and ~ 6 mm of insulation off the other end

Bend the ~4 mm stripped tip in half, forming a hook. The hook will be

embedded into the muscle

3| Construct three EEG electrodes for recording brain activity

Strip ~ 2 mm and ~ 15 mm of insulation off each end of three ~ 30 mm lengths

of insulated stainless steel wire

Animal preparation

4| Place the animal in an induction chamber and apply 5% isoflurane in oxygen delivered

at a rate of 1 L/min.
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5| When no automatic withdrawal follows a paw pinch, remove animal from the chamber
and maintain anaesthesia via nose cone. Isoflurane concentration should be maintained
at approximately 2-3% isoflurane in oxygen (1 L/min).
Regularly assess the adequacy of anaesthesia via testing the negative pedal withdrawal
response.
6| Place a heat map under the animal and insert a rectal thermometer.
Regularly assess the animals core temperature, maintaining it at ~36°C to ~37.5°C.
7| Subcutaneously inject carprofen (NSAID, 5 mg/kg), and intramuscularly inject
cefazolin (antibiotic, 100 mg/kg).
8| Apply an opthalamic lubricant (Viscotears) to prevent corneal desiccation.
Reapply ad lib throughout the surgery.
9| Shave and sterilise (Betadine antiseptic solution) the regions indicated in Figure 5-2.
Approximate regions:
i.  Skull: From immediately posterior to the eyes, to the base of the skull, ear to
ear width.
ii.  Sub-mandible: From the apex of the mandible to the clavicle, ~ 20 mm wide.

iii.  Shoulder: Posterior to the fore limb, ~ 20 mm long, ~ 20 mm wide.

- b
To the skull

Figure 5-2 | Chronic implantation of an optical fibre and genioglossus EMG electrodes. Skull, sub-
mandibular and shoulder (left to right) regions must be shaved and sterilised (grey ovals) prior to
incisions (black dotted lines). Approximate routes for subcutaneous tunnelling for the genioglossus EMG
(9gEMG) electrodes (blue) and optical fibre (orange) are indicated. The optical fibre was secured at three
points (green), and the EMG electrodes were inserted at two points (purple). The inset image displays the
region where the tissue was separated (red) immediately posterior to the mandibular symphysis for
effective light source placement. Created with BioRender.com

196



Insertion of genioglossus EMG electrodes and securing the light source

10 | With a scalpel make ~ 25 mm long incisions at the sub-mandible and skull locations
and an ~ 15 mm incision posterior to the shoulder (Figure 5-2, black dotted lines)

11 | Using blunt haemostats separate the connective tissue and muscle fibres underneath the
chin, and immediately posterior to the rostral end of the sub-mandible incision (Figure
5-2, inset image)

A CRITICAL STEP A Sufficient separation of muscle fibres, and subsequent securing
of the light source deep within the muscle is essential for effective illumination of the
genioglossus

12 | Using blunt hemostats, tunnel subcutaneously from the sub-mandible incision to the
skull incision via the shoulder incision following the approximate route in Figure 5-2
(blue). Do not remove the haemostats when completed.

13 | Use the haemostats to clamp two narrow polyethylene tubes (diameter ~ 2 mm) at the
skull incision, and pull the tubing through the subcutaneous tunnel to the sub-mandible
incision via the shoulder incision.

14 | Insert the optical fibre into one of the tubes at the skull incision, and push the fiber
through the tube until the end is visible at the sub-mandible incision. The ferrule should
remain exposed at the skull incision.

15 | Gently remove the tube by pulling it through the tunnel from the sub-mandible incision,
thus leaving the optical fibre in place.

16 | Insert two electrodes by inserting the needles at ~ 15° to the rat, ~ 5 mm caudal from the
mandible apex, and ~ 3 mm each side of the midline (Figure 5-2, inset image).

Gently withdraw the needle from the muscle, removing it from the electrode wire, and
leaving the hook electrode in place within the genioglossus.

17 | Test genioglossus EMG recordings for endogenous respiratory linked muscle activity

18 | Place the light source within the separated tissue and between the EMG electrodes.
Secure the light source in place with sutures at the points illustrated in Figure 5-2.

19 | Create a single loop in the electrode (diameter ~ 10 mm) approximately 20 mm after the
wires are inserted within the muscle. Secure the loop with a loose suture at the entrance
to the subcutaneous tunnel to allow the wire to extend with animal movement.

20 | Thread the remaining EMG electrodes (after the loop) through the polyethylene tube
until they exit at the skull incision. Carefully remove the tube by pulling it through the
skull incision. This will thus leave the electrodes in place, extending from within the
genioglossus to the skull incision site.

21 | Suture closed the chin incision, and apply Vetbond tissue adhesive as required.
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Insertion of EEG electrodes

22 | Place rat in the stereotaxic frame, maintaining constant isoflurane (~ 2-3% in oxygen, 1
L/min)

23 | Use a scalpel blade to detach and push aside the periosteum and use haemostats to hold
the skin back and ensure maximum exposure of the skull.

24 | Use sterile gauze to clear the skulls surface of blood

25 | Use a cotton tip to cover the exposed skull with 3% hydrogen peroxide to remove
remaining tissue

26 | Deactivate the hydrogen peroxide with saline when the skulls surface is clear and the
bregma and lambda are identifiable

27 | Using a hand held drill (Woodpecker iLED Curing Light, Ark Health, NSW, Aus),
make burr-holes at the three locations identified in Figure 5-3A. Insert screws (0-80
thread, 2.4 mm long; P1 Technologies), leaving ~ 1 mm of the thread exposed

28 | Using fine forceps, tightly wrap the longer uninsulated region of the ~ 30 mm
electrodes around the exposed thread of the three screws until there is ~10 mm of wire
remaining uncoiled

29 | Tighten the screws on top of the coiled wires

b % To light source '
NSNS B 1 To amplifier |
Insert

+— Ferrule
Male pins

7,
= Screws

== Pedestal
Optical fiber ferrule

Female

Optical fiber

Dental composite

—a N 2
sockets 4- _1 To EMG
Spare | Sheall

EEG screws

Figure 5-3 | Head stage set up with one pedestal and an optical fiber. (A) Approximate locations
for screws, pedestal, and optical fibre ferrule. (B) Two genioglossus EMG (ggEMG) electrodes and
three EEG electrodes connect to specific sites on a six-channel electrode pedestal. The figure
indicates the orientation from the insertion side of the pedestals (the larger holes). (C) The pedestal
and ferrule are secured to the skull by a dental composite and, during recording, connect to patch
cables for data and light transfer, respectively. (D) The female pins are crimped to the wires at the
solid end and inserted into the pedestal split end first.

30 | Trim the excess electrode wire so each will be ‘relaxed’ upon entering the pedestal.

Whilst slack should be minimised, the electrode should not be taut when secured. Strip

the insulation from the last ~ 2 mm off all wires.
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31 | Crimp the solid end of the female sockets (Figure 5-3D) onto the ~ 2 mm of exposed
wire of all 5 electrodes (i.e. 3x EEG, and 2x genioglossus electrodes)
32 | Identify the side of the pedestal with the larger holes and insert the female sockets into

locations identified in Figure 5-3B

Securing the pedestals

33 | The skull surface is prepared using OptiBond Primer and OptiBond Adhesive as per
product instructions. The pedestal and ferrule are then secured in place (Figure 5-3A) by
Tetric EvoFlow dental composite and cured as per product instructions.

34 | Gradually build up the Tetric EvoFlow, intermittently curing the material until ~ % of
the pedestal and ~ ¥ of the ferrule are covered.

Minimise the development of any sharp edges and take care to avoid blocking the
pedestal connection points with Tetric EvoFlow to allow easy patch cable attachments
for data acquisition.

35 | If required, use sutures or staples to close the posterior or anterior ends of the skull
incision

36 | If required, use Vetbond to secure the skin to the dental composite

Post-operative care

37 | Post-surgery, remove the nose cone and place the rat into a clean, empty, heated and
padded cage.
i. Do not leave animal unattended
ii.  Provide water and moistened food at bottom of cage
iii.  Observe animal respiration rates, righting behaviours, grooming and feeding
iv.  Administer post-surgery analgesics if necessary
38 | When ambulatory, place the animal in a solo home cage within the general animal
housing room.
The animal will remain in a solo home cage for a minimum of 24 hours following
surgery.
39 | Monitor the animal closely for a minimum of 3 days post-surgery.
v.  Ensure adequate wound closure at the incision sites, and around the dental
composite
vi.  Monitor weight, and ensure it does not fall below ~ 80% of pre-surgery weight
vii.  If the animals display any characteristics indicative of pain and/or infection,

administer additional analgesics and/or antibiotics.
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viii.  Continue daily monitoring and contact veterinary care if recovery exceeds 3
days
40 | Remove sutures after 7 to 10 days

Recording Chamber Set Up

A cost-effective plethysmograph is fabricated by combining a pressure sensor and a glass

vacuum desiccator.

1| Pour rodent bedding material into the chamber
2| Feed the below tubes and patch cables through the desiccator lid
i.  Airinflow tube: Connected to a compressed air cylinder, for active delivery of
air to the recording chamber at ~ 1L/min
ii.  Airoutflow tube: Allows passive escape of air to the external environment
iii.  Pressure sensor tube: Connected to custom device to signify the respiratory
cycle
iv.  Patch cable: Connects to pedestal, and is comprised of five cables all of which
project from pedestal specific male pins (P1 Technologies) to banana plugs.
v.  Optical fibre patch: Connects the optical fibre ferrule to the external light

source (laser or LED).
Habituation

A week following surgery, animals start bi-weekly chamber habituation sessions, for ~ 4 to 6
hours per session. To allow for 2 complete weeks of recovery post-surgery, the animal remains
untethered during the first week of habituation. During week 2 of habituation, patch cables are
connected to the animal so they additionally habituate to the forces imposed on the implanted
hardware. The animal will undergo at least four habituation sessions before data acquisition
commences. 1L/min active air inflow and passive air outflow is maintained at all times when

the animal is in the chamber.
Data Acquisition

A minimum of three weeks post i.m. injections, two weeks post-surgery, and at least 4
habituation sessions, the animal will undergo the first data acquisition session. Two data

acquisition sessions should be conducted per animal.

1| Place the animal in an induction chamber and anaesthetise via inhaled 5% isoflurane in

oxygen (1 L/min).
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2| When no withdrawal response follows a paw pinch, remove the animal from the
chamber and use a nose cone to maintain anaesthesia at 2-3% isoflurane in oxygen (1
L/min).
Regularly assess the adequacy of anaesthesia via negative pedal withdrawal response.

3| Whilst anaesthetised, patch cables are attached (see above under ‘Recording Chamber
setup’)

4| Remove animal from isoflurane and place in the recording chamber

5| Chamber pressure, EEG and EMG activity are recorded continuously for a minimum of
4 hours.
EMG signals are amplified and band-pass filtered (0.3-10 kHz), and EEG signals are
amplified and band-pass filtered (0.1-0.3 kHz) via a AC/DC Preamplifier (BMA-400
Four-channel AC/DC Preamplifier, CWE Incorperated). A CED Power 1401
(Cambridge Electronic Design Limited) digitises signals at a sampling rate of 5 kHz for
EMG and EEG recordings, and 1 kHz for chamber pressure (plethysmograph). Data is
stored on a computer using Spike2 software.

1| Light stimulation is applied intermittently throughout.
Stimulation is triggered ‘in phase’ with inspiration, or ‘out-0f-phase’ i.e. during
expiration and/or pauses in the respiratory cycle. Inspiration and expiration onset points

are determined by chamber pressure.
Necropsy

After the data acquisition sessions were completed, a necropsy was conducted to confirm the
locations of the light source, the EEG electrodes and the EMG electrodes. General health of

organs and tissues, particularly near the implanted hardware was checked.
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