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ABSTRACT

Skeletal muscles rely on neuromuscular junctions (NMJs) and motoneuron control for
function. Permanent denervation, caused by spinal cord injuries (SCIs), peripheral nerve
injuries (PNIs), or motoneuron diseases like Amyotrophic Lateral Sclerosis (ALS), leads
to muscle paralysis and atrophy, with the inability to regenerate or reinnervate. Despite
advances in neuroprosthetics, restoring movement in fully denervated muscles remains a
challenge due to the lack of neural connections. This thesis explores new techniques to
regenerate and restore function in permanently denervated skeletal muscles. First, a
protocol was developed to differentiate mouse embryonic stem (ES) cells into functional
skeletal muscle cells in vitro. These myofibres expressed muscle markers, and
developmental analysis revealed the progression of cells from a quiescent to a
differentiated state. The cells were engineered to express external genes, including
tdTomato or channelrhodopsin-2 (ChR2), facilitating their identification or optical control
post-transplantation in vivo. Additionally, ChR2 gene expression also was achieved using
adeno-associated virus (AAV) vectors, allowing ChR2-expressing myofibres to be used
for optical control of muscles. In the second study, irradiated soleus muscles followed by
muscle fibres degradation using notexin, a myotoxic agent, were transplanted with ES cell-
derived myoblasts expressing ChR2 or tdTomato. The transplanted myoblasts successfully
engrafted and regenerated the muscles. tdTomato-expressing muscles showed increased
mass but smaller fibres, and ChR2-expressing muscles responded to light stimulation,
producing contractile forces comparable to neural stimulation, demonstrating the
effectiveness of optogenetics in restoring function in denervated muscles. The next study
focused on ex vivo anatomical and physiological analysis of transplanted muscles.
Regenerated tdTomato-expressing muscles were innervated by endogenous motor axons,
and showed normal responses to nerve stimulation, with largely normal synaptic
transmission. The innervation rate between endogenous motor axons and exogenous
muscle fibres was more 80% with newly formed NMJs at their original sites. Interestingly,
the regenerated muscles contained only fast-twitch fibres, unlike the typical slow-twitch
composition of the soleus muscle. Lastly, in search of alternative methods to introduce
external genes into muscle cells, I explored lipid nanoparticles (LNPs) as non-viral vectors
for gene delivery into ES cell-derived muscle cells. LNPs efficiently transfected muscle
cells with minimal cytotoxicity and high specificity for muscle cells, with apolipoprotein
E (ApoE) enhancing transfection efficiency. This work underscores the potential of LNPs
in muscle transfection and paves the way for future in vivo experiments.
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Chapter 1: Introduction

1.1 Skeletal Muscle

Skeletal muscles are highly plastic and dynamic tissues (Frontera & Ochala, 2015) that
make up approximately 40% to 45% of the human body's mass (J. Liu et al., 2018). These
muscles play a crucial role in numerous bodily processes. Mechanically, their primary
function is to convert chemical energy into mechanical force, enabling movement, power
generation, posture maintenance, and activity. This allows individuals to participate in
social and work-related activities, supports overall health, and fosters independence in
daily life. Metabolically, skeletal muscles are involved in basal energy metabolism, serve
as storage for essential nutrients like amino acids and carbohydrates, produce heat to
regulate core body temperature, and consume the majority of oxygen and energy substrates
during exercise. Notably, skeletal muscle also acts as a reservoir of amino acids, which are
needed by organs such as the skin, brain, and heart for synthesizing specific proteins

(Frontera & Ochala, 2015; Wolfe, 20006).

Unlike smooth and cardiac muscle, skeletal muscle contraction is controlled by the somatic
nervous system, which allows for voluntary contractions. The human body contains more
than 600 skeletal muscles, varying in size and contractile abilities, enabling body
movements that range from powerful to delicate, maintaining posture, and supporting
breathing (Dumont et al., 2015). Skeletal muscles possess a high capacity to regenerate
after damage, largely due to satellite cells—a type of dormant stem cell that becomes
activated to repair or regenerate muscle fibres (Dumont et al., 2015; Laumonier &

Menetrey, 2016; Morgan & Partridge, 2003).



However, certain conditions, including volumetric muscle loss (VML) and diseases such
as muscular dystrophy, surpass the muscle's ability to self-repair (Aguilar et al., 2018;
Guiraud & Davies, 2019; Ribeiro et al., 2019). Moreover, severe injuries such as spinal
cord injuries (SCIs) or peripheral nerve injuries (PNIs), like brachial plexus injuries (BPI),
can lead to muscle denervation, permanent muscle paralysis, loss of motor function, and
total muscle atrophy, which impairs muscle regeneration. Depending on the injury’s
severity and location, critical movements such as hand grasping may become severely
compromised (Carpaneto & Micera, 2015; Fu & Gordon, 1995; T. Gordon, 2020). In SCI
cases, motoneuron apoptosis leads to muscle denervation, atrophy, and the formation of
fibrous tissue, further hindering recovery (X. Xu et al., 2023). In PNIs, while motor axons
can regenerate (Fu & Gordon, 1997; Gaudet et al., 2011; T. Gordon, 2020; T. Gordon &
Borschel, 2017; Lieberman, 1971), the slow pace of axon regrowth—about 1 mm per day
in humans—means that by the time these nerves reconnect with muscles, typically a year
or more has passed. Significant muscle atrophy and fat replacement occur in that time.
Prolonged denervation causes severe, irreversible damage to muscle tissue, reducing

functional recovery to just 10% (Fu & Gordon, 1995).

Paralysis resulting from SCIs and PNIs severely impacts a patient’s mobility and ability
to perform essential movements. While full recovery from paralysis is the ultimate goal,
even partial improvements can greatly enhance quality of life (Anderson, 2004; Collinger
et al., 2013). Surveys of quadriplegic patients have identified regaining hand function as a
top priority, as restoring hand movements significantly improves independence and daily
living (Anderson, 2004). Various strategies have been explored to restore hand function,

such as neuroprosthetics that combine wearable orthoses with electrical stimulation of



peripheral nerves to control paralyzed muscles. However, these devices often fail when
there is permanent muscle denervation, as no nerves remain for stimulation (Prochazka et
al., 2001; C. K. Thomas et al., 1997). At present, there are no medical treatments capable

of fully restoring function to permanently denervated muscles.

A novel approach to restoring some function in permanently denervated skeletal muscles
involves replacing damaged muscle fibres with engineered fibres that can be activated
using optogenetics and ChR2 expression. Previous work in our lab has shown that
transgenic expression of ChR2 in skeletal muscle fibres enables controlled muscle
contraction through blue light stimulation. This method helped prevent atrophy in
denervated muscles by maintaining muscle activity (Magown et al., 2015). In this research,
we accomplished cell replacement therapy by transplanting embryonic stem (ES) cell-
derived muscle cells carrying ChR2 gene into completely degraded mouse soleus muscles
that were prevented from regenerating. We successfully induced muscle contractions in

response to blue light, generating optical force comparable to neural force.

In this chapter, we reviewed in detail how skeletal muscles function and produce force,
how muscles regenerate after injury, the impact of SCIs and PNIs on muscle function, and

the principles of optogenetics and its application to muscle tissue.

1.2 Motor Unit

Muscle function is achieved by interaction of muscle and nervous system. A motor unit
(MU) is fundamentally described as a single motor neuron and the collection of skeletal
muscle fibres it innervates and activates, representing the key operational unit in

neuromuscular activities. This concept underscores the synergy between the structural and



functional aspects of the neuromuscular system, emphasizing the crucial route through
which the central nervous system (CNS) governs skeletal muscle fibres. The diversity in
MU size, the type of motor neuron, and the specific muscle fibres it targets enables precise
control over muscle contractions, ranging from fine, subtle movements to robust, forceful
contractions (R. E. Burke, 1981; Henneman & Mendell, 1981; Purves D, Augustine GJ,
Fitzpatrick D, et al., 2001) Based on their contractile capabilities and resistance to fatigue,
MUs are classified into three primary types: slow (type I), fast fatigue-resistant (type I1A),
and fast fatigable (type IIX). Slow MUs excel in maintaining contractions over long
durations without succumbing to fatigue, crucial for maintaining posture and performing
endurance tasks. On the other hand, fast fatigable MUs, while capable of generating potent
contractions, fire rapidly and are best suited for short, intense exertions. Fast fatigue-
resistant MUs offer a compromise, providing both strength and endurance (Enoka &
Duchateau, 2008; Henneman et al., 1965a). The CNS selectively recruits the MU types in
a process governed by the size principle, orchestrating muscle force and action type with
remarkable precision. This orderly activation pattern, from the least to the most potent
units, facilitates nuanced muscle force production and optimizes energy use (Bawa et al.,

2014; Cope & Sokoloff, 1999; Henneman et al., 1965a).

Furthermore, the innervation ratio—the number of muscle fibres per motor neuron—
differs across muscles to match their specific functional roles. Muscles involved in
delicate, precise tasks, like ones controlling the fingers and eyes, exhibit low innervation
ratios for better control. In contrast, muscles tasked with generating large, forceful
movements, such as in the legs and arms, display higher innervation ratios (Duchateau &

Enoka, 2011; Fuglevand et al., 1993). The innervation ratio is closely linked to



motoneuron size, and this relationship explains the observed connection between MU

force and the size of the motoneuron (Henneman & Mendell, 1981; Rafuse et al., 1997).

1.3 Muscle Neuromuscular Junction

The dynamic between motoneurons and muscle fibres, modulated by neurotransmitters at
the neuromuscular junction (NMJ), translates electrical impulses from the CNS into
mechanical muscle actions. The NMJ serves as a critical chemical synapse connecting
motoneurons with skeletal muscle cells, enveloped by Schwann cells (Hong &
Etherington, 2011; Hui et al., 2021; L. Li et al., 2018; Rodriguez Cruz et al., 2020), which
plays a crucial role in enabling physical movement and everyday activities. Impairments
in its development and upkeep can lead to neurological conditions such as congenital
myasthenic syndrome and myasthenia gravis (L. Li et al., 2018). This synapse forms at a
distinct region of the sarcolemma known as the endplate. This area is characterized by a
unique "pretzel-like" shape in healthy mammalian muscles, a form attributed to the
branching pattern of the motor neuron's ending. At the tip of each neuron arborization,
there are enlargements called presynaptic boutons or motor-nerve terminals, filled with
vesicles containing the neurotransmitter acetylcholine (ACh). These boutons are precisely
aligned with the sarcolemma's post-synaptic indentations, known as junctional folds,
where there are densely packed groupings of acetylcholine receptors (AChRs) (S. R. Iyer
et al., 2021; Lovering et al., 2020). Non-myelinating Terminal Schwann cells or
presynaptic Schwann cells (PSCs) are interlocked between post-junctional folds and serve
as glial cells essential for the NMJ’s structural integrity and functional regulation (Feng &
Ko, 2007; S. R. Iyer et al., 2021; Ko & Robitaille, 2015). NMJ functions by transmitting

action potentials from the motor neurons, which then prompt the release of the ACh to the



synaptic cleft to bind to receptors on the muscle fibres, causing them to depolarize. As a
result of depolarization, calcium from the sarcoplasmic reticulum is released, and causes
muscle contraction. As such, the NMJ plays a vital role in enabling physical movement
and facilitating our everyday activities (S. R. Iyer et al., 2021; Kuo & Ehrlich, 2015; L. Li

etal., 2018).

The NMJ has a dynamic nature, with both structural and functional plasticity that
undergoes physiological and morphological changes, highlighting its ability to remodel
and repair. This plasticity is essential for muscle recovery after injury, in response to
exercise (Deschenes, 2019; Fambrough, 1979; L. Li et al., 2018; M. H. Wilson &
Deschenes, 2005) and for compensating for motor neuron loss up to a certain point in
various diseases (Y. Wang et al., 2021). However, aging can compromise this adaptability,
leading to a decline in NMJ function that contributes to muscle weakness and atrophy (L.
Li et al., 2018). Interestingly, NMJ compensatory sprouting mainly occurs in slow MUs,
while fast fatigable MUs are more prone to neurodegeneration and easily lose the NMJ

(Gulino, 2023).

Denervation, resulting from various pathologies like injuries, aging, or cancer cachexia,
often leads to muscle dysfunction and atrophy as its most pronounced and detrimental
effects. Within these processes, the degeneration of the NMJ is identified as a critical event
(Huang et al., 2022). Based on Criss Hartzell & Fambrough (1972) and Fambrough, (1974)
studies, changes in the density and sensitivity of the AChRs after denervation in rat models
were reported. Also, they noticed a decrease in intrajunctional AChRs and an increase in
extrajunctional AChRs within 14 days post-denervation. Similar findings were reported

by Steinbach (1981) in the cat model. Increase in the number of extrajunctional AChRs
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that are distributed along the muscle fibre membrane, beyond the confines of the NMJ, in
contrast to the densely packed intrajunctional AChRs found within the synaptic area,
represents a natural compensatory response, designed to boost the muscle fibre's
sensitivity to ACh when direct nerve connections are lost and plays a crucial role in
preserving some level of muscle functionality and preparing the muscle for potential
reconnection with nerves (Fambrough, 1979). Also, Motor endplates (MEPs) became
fragmented and broke apart along the lamella clusters following denervation until they
ultimately vanished completely both in mice (X. Yin et al., 2019) and human (Gupta et al.,
2021). In addition to the internal alterations at the NMJ, presynaptic cells like PSCs that
play a role in the maintenance of the NMJ also undergo alterations and cannot support

axon and NMJ regeneration after denervation (Huang et al., 2022).

Functional recovery of NMJ is essential for determining the success of treatments aimed
at addressing denervation, such as surgeries involving nerve grafting or transplants (Huang
et al.,, 2022). Interestingly, studies investigating AChRs and NMJs locations on the
regenerated skeletal muscles after injury and denervation found that new synapses form at
their original sites (Burden et al., 1979; Harris, 2003; Marshall et al., 1977). The
distribution of AChR on regenerating skeletal muscle fibres was examined in the absence
of nerve terminals by Burden et al. (1979) They found that the new synapses, formed by
regenerating axons, were precisely located at the sites of the muscle's original synapses,
despite the original muscle fibres degenerating and being removed. The basal lamina
sheaths of muscle fibres remained intact, serving as guides for the regenerating muscle
cells and marking the original synaptic sites. This finding demonstrated that the precise

reconnection of nerve and muscle does not require the original muscle cells but instead



relies on cues external to the muscle cell, such as the basement membrane or possibly

PSCs, to reestablish synaptic connections accurately.

1.4 Muscle Contraction

In the NMJ, the motoneuron action potential causes depolarization, leading to the opening
of voltage-gated calcium (Ca*") channels on the presynaptic membrane. As calcium enters
the nerve terminal, ACh vesicles are released into the NMJ, where ACh travels across the
synaptic gap and binds to AChRs on the motor endplates. This binding triggers the
depolarization of the muscle fiber, generating action potentials within the muscle (Pham
& Puckett, 2023). The nicotinic AChRs at the motor endplate respond by opening channels
that allow sodium ions to flow in, resulting in endplate depolarization and action potential
formation in the plasma membrane of muscle cells, known as the sarcolemma (Karlin,
2002; Martyn et al., 2009; Rudolf & Straka, 2019). The action potential travels along the
membrane surrounding the myofibrils and enters specific structures called transverse-
tubules (T-tubules), which transmit the electrical signal from the surface to the deeper
regions of the muscle fiber. These T-tubules contain dihydropyridine receptors, situated
next to the terminal cisternae of the sarcoplasmic reticulum, the muscle’s calcium store.
When the T-tubules depolarize, the dihydropyridine receptors undergo a conformational
change, interacting with ryanodine receptors on the sarcoplasmic reticulum. This
interaction prompts the ryanodine receptors to open, releasing Ca** from the sarcoplasmic
reticulum into the muscle cell cytosol (Kawaguchi & Fujita, 2024). The influx of Ca?*
binds to troponin C, a part of the regulatory complex on the thin filaments. This binding
process is cooperative, meaning that each Ca?" ion that attaches to troponin C increases its

affinity for additional Ca?*, allowing up to four Ca" ions to bind per troponin C molecule.



As Ca®' binds, it triggers a structural shift in the troponin complex, which moves
tropomyosin away from the myosin-binding sites on actin. This exposes the sites, enabling
myosin on the thick filaments to bind to actin and initiate muscle contraction (Ohtsuki &

Morimoto, 2008).

The cross-bridge cycle is a process during excitation-contraction coupling in which thick
and thin filaments slide past each other to produce muscle contraction. The cycle begins
when myosin is tightly bound to actin, with no ATP attached to myosin, a state known as
rigor. In contracting muscles, this is a temporary state, but in the absence of ATP, such as
after death, it becomes permanent, leading to rigor mortis. When ATP binds to the myosin
head, it induces a conformational change that reduces myosin's affinity for actin, allowing
myosin to detach. The myosin head then moves into a cocked position, directed toward
the sarcomere. ATP is hydrolyzed into ADP and inorganic phosphate, which remain
attached to myosin. Myosin then binds to a new site on actin and generates a power stroke
that pulls the actin filament. This process repeats as long as Ca>* remains bound to troponin
C. Finally, ADP is released, returning myosin to the rigor state, where it again binds tightly

to actin in the absence of ATP (Fitts, 2008; Pham & Puckett, 2023).

Muscle relaxation occurs after contraction when Ca?" is actively transported back into the
sarcoplasmic reticulum by the Ca*/ATPase pump (SERCA) on the sarcoplasmic
reticulum membrane. This process lowers intracellular Ca®" levels, maintaining them at
low concentrations when the muscle is at rest. Within the sarcoplasmic reticulum, a protein
called calsequestrin binds to Ca?‘, reducing free Ca?' concentration and easing the

workload of the SERCA pump. As intracellular Ca?" levels fall, Ca*" detaches from



troponin C, allowing tropomyosin to once again block the myosin-binding sites on actin,

leading to muscle relaxation (Paolini et al., 2007).

1.5 Muscle Force

The generation of force within skeletal muscles is a complex interplay of various intrinsic
(A. Gordon et al.,, 1966), and extrinsic factors, coupled with the types of muscle
contractions—namely isometric and isotonic. At the heart of muscle force generation are
intrinsic properties such as the cross-sectional area (CSA) of the muscle, which is directly
proportional to its force capacity. Larger muscles with greater CSA can generate more
force due to the increased number of actin and myosin filaments available for cross-bridge
cycling during contractions (Maughan et al., 1983). Muscle fibre composition also
significantly impacts force production; type II fibres produce greater force at a faster rate
than type I fibres, which are more fatigue-resistant and suited for endurance activities
(Bottinelli & Reggiani, 2000). Additionally, the length-tension relationship describes how
muscle length at the initiation of contraction influences force output, with optimal force
generated when there is maximal overlap between actin and myosin filaments (A. Gordon

et al., 1966).

External conditions affecting muscle force generation include neural activation and the
pattern of MU recruitment. Increased neural drive enhances MU recruitment and firing
rates, thereby elevating muscle force (Enoka & Duchateau, 2008). The force-velocity
relationship also plays a crucial role, indicating that muscles produce less force at higher
contraction velocities due to a decrease in the time available for cross-bridge formation
(Hill, 1938). Moreover, external loading and mechanical constraints during various
exercises influence the engagement of muscles and the force they generate.
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Isometric contractions occur when muscles generate force without changing length,
essential for joint stabilization and posture maintenance. Muscle force in isometric
contractions adheres to the length-tension relationship, with maximal force production
achieved at optimal sarcomere overlap (A. Gordon et al., 1966). Isotonic contractions,
characterized by muscle length change under constant force, are divided into concentric
(muscle shortens) and eccentric (muscle lengthens under tension) types. The force-velocity
relationship dictates that concentric contractions see diminished force with increased
velocity, while eccentric contractions can generate higher forces, underscoring the

versatility of muscle adaptations to varying demands (Hill, 1938).

1.6 Muscle Regeneration

In normal conditions, mammalian adult skeletal muscle is a stable tissue, but it also
possesses an amazing capacity for self-healing following damages (Juhas & Bursac, 2013;
Khodabukus et al., 2018; Relaix et al., 2021; H. Yin et al., 2013) Regeneration of muscle
after damage or trauma involves a complex and critical process essential for the restoration
of muscle functionality and structure. Satellite cells, key myogenic stem cells nestled
between the basal lamina and the plasma membrane of muscle fibres, play a pivotal role
in this regenerative ability. Normally inactive under standard physiological conditions,
these cells are activated by muscle injury and trauma, triggering a series of repair and
regeneration actions (Bischoff, 1990; Day et al., 2009; Le Grand & Rudnicki, 2007;
Morgan & Partridge, 2003; Relaix & Zammit, 2012). Once activated, satellite cells
commence the cell cycle, undergoing proliferation and differentiation into myoblasts,
which then merge to either form new muscle fibres or mend the existing ones. The process

of activation involves a sophisticated mix of signals from the injured muscle, such as
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mechanical stress and inflammatory cytokines, rousing the satellite cells from their
dormant state (H. Yin et al., 2013). Besides generating progeny that differentiate, satellite
cells also preserve their population through self-renewal, thereby meeting the essential

characteristics of a stem cell (Collins et al., 2005; Singh & Dilworth, 2013).

The process through which satellite cells are activated and differentiated is directed by a
series of transcriptional activities and signaling pathways. Notably, the Notch, Wnt, and
TGF-B pathways play significant roles in managing cell growth and differentiation,
ensuring effective muscle tissue regeneration (Bentzinger et al., 2012; Gerrard et al., 2021;
Girardi & Le Grand, 2018). The role of myogenic regulatory factors (MRFs) like MyoD,
Myf5, myogenin, and MRF4 is crucial in the transition of satellite cells to myoblasts. The
transcription factor Pax7 is vital for satellite cell maintenance and self-renewal, acting as
a dominant regulator in preserving the satellite cell reservoir throughout the regeneration
phase (Olguin & Pisconti, 2012; Seale et al., 2000; Von Maltzahn et al., 2013). Moreover,
the secretion of growth factors such as FGF, HGF, and IGF-1 by muscle or pro-
inflammatory macrophages plays a significant role in satellite cell proliferation and
myogenic differentiation, emphasizing the critical role of the surrounding
microenvironment in muscle regeneration (R. E. Allen et al., 1995; Boonen & Post, 2008;

Johnson et al., 2023; Srikuea et al., 2010).

Furthermore, the success of muscle regeneration is significantly affected by the satellite
cells' niche, comprising the extracellular matrix (ECM) and diverse cell types present
within the muscle tissue. Even minor changes to the niche ECM can significantly impact
stem cells localization, activation, self-renewal, proliferation, and differentiation. The

ECM not only offers structural support but also preserves the satellite cells’ identity and
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influences its functions by binding to growth factors and altering their availability
(Cosgrove et al., 2009; Gattazzo et al., 2014; K. Thomas et al., 2015). Additionally,
interactions between satellite cells and other cells like fibroblasts and endothelial cells are
key in modulating satellite cell functions and facilitating the reconstruction of muscle
tissue post-injury (Gillies & Lieber, 2011; Johnson et al., 2023). The removal of fibroblasts
disrupts satellite cell dynamics, causing early differentiation, a reduction in the initial
satellite cell population, and the formation of smaller regenerated myofibres (Murphy et
al., 2011), and endothelial cells play a role in promoting satellite cells’ activation (Johnson

et al., 2023; Mierzejewski et al., 2023).

Progress in understanding the detailed molecular and cellular mechanisms of satellite cell
activation, growth, and differentiation, alongside their interactions within their niche, is
essential for the development of specific treatments for muscle conditions and for
improving outcomes of muscle repair after injuries. This growing knowledge base holds
significant promise for addressing muscular dystrophies, combating age-associated

muscle loss, and aiding recovery from sports injuries.

To understand muscle denervation injuries, we need to review SCls and PNIs, which lead

to muscle denervation and paralysis.

1.7 Spinal Cord Injury

A SCI refers to any damage to the spinal cord that leads to temporary or permanent
disruptions in its function. These injuries are classified into two categories based on their
origin: traumatic and non-traumatic (Ahuja et al., 2017; Ge et al., 2018; Mcdonald &

Sadowsky, 2002). Traumatic SCI is caused by external forces, such as vehicular collisions,
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falls, sports accidents, or violent acts, that directly injure the spinal cord. In contrast, non-
traumatic SCI arises from conditions like tumours, infections, or degenerative disc
diseases, which result in spinal cord damage (Ahuja et al., 2017; Ge et al., 2018; Jain et

al., 2015).

SCIs cause severe physical, social, and vocational impacts on affected individuals and
their families, significantly reducing their independence and increasing the risk of
mortality over their lifetime. The research conducted by Thorogood et al. (2023) presents
a comprehensive analysis of the trends in SCIs in Canada, documenting a noticeable
increase in the annual incidence of such injuries over a 14-year period, from 2005 to 2019.
Their findings indicate that the number of new SCI cases annually escalated from 874 to
1,199 incident cases, highlighting a significant rise in the prevalence of SCIs within the
Canadian population. Economically, SCI imposes significant burdens, with an estimated
lifetime cost of $336,000 per person in Ontario, Canada. This cost is even higher for
patients with high-level SCIs. The financial implications of SCI underscore the need for
comprehensive healthcare strategies and support systems to alleviate the economic impact

on individuals and healthcare systems (Y. Liu et al., 2023).

The spinal cord acts as the main conduit between the brain and the rest of the body by
relaying motor and sensory signals. It is composed of vertically aligned spinal tracts,
known as white matter, that encase the central regions, referred to as gray matter. This
gray matter is where the majority of the spinal cord's neuronal cell bodies are found,
organized into distinct segments that contain both sensory and motor neurons. Sensory
neuron axons enter the spinal cord, while motor neuron axons exit it through segmental

nerves or roots, facilitating the flow of sensory inputs to the brain and motor commands
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to the body (Maynard et al., 1997). There is a huge damage of gray and white matter at the
lesion centre in SCI which affects motor, sensory, and autonomic functions at and below

the site of the injury (Grumbles & Thomas, 2017; Rupp, 2020).

Paralysis and profound weakness and atrophy of muscles observed following a SCI can be
attributed to the chronic muscle denervation as a result of motor neuron loss and/or
changes in muscle use. Muscle paralysis occurs due to motoneuron death, severance of
CNS axons, or demyelination of central or peripheral axons (Grumbles & Thomas, 2017;
C. K. Thomas & Noga, 2003; C. K. Thomas & Zijdewind, 2006; X. Xu et al., 2023). In
the CNS, neurons have a notably limited capacity for regeneration (Harvey et al., 2005).
In cases of demyelination, CNS axon innervation may remain intact, allowing patterned
electrical stimulation to restore some function or facilitate activity-based rehabilitation
(Grumbles & Thomas, 2017). Some researches suggest that introducing a supportive
environment, such as a peripheral nerve graft, at the injury site may enable certain central
neurons to extend their severed axons over considerable distances (David & Aguayo,
1981; Richardson et al., 1980). However, the study by Harvey et al. (2005) demonstrated
that there is no significant efficacy in regenerating cervical-level spinal cord axons, even

after peripheral nerve grafting and daily electrical stimulation in rats.

If motoneurons die, complete denervation occurs, eliminating voluntary control over the
affected muscle fibres (Grumbles & Thomas, 2017). In this case, patterned electrical
stimulation can no longer be used to restore function due to the high current required to
excite fully denervated muscle, which can cause significant damage to the muscle (Gilman
& Arbor, 1983; Grumbles & Thomas, 2017). In such difficult cases, it is crucial to replace

motoneurons and re-establish muscle innervation. This process restores muscle
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excitability and fibre size, supports muscle conditioning, promotes the advantages of
physical activity, and enables electrical stimulation of muscles to perform various
functions, such as walking, grasping, breathing, and controlling the bladder or bowel
(Grumbles & Thomas, 2017). However, denervated muscles undergo atrophy over time
and become resistant to reinnervation. Therefore, even successful engraftment of
motoneurons may not be effective in the case of severely wasted muscles. To overcome
this challenge, directly activating denervated muscles by introducing opsins such as ChR2
into the muscle fibres and using optical stimulation might restore some level of muscle

function (Magown et al., 2015).

1.8 Peripheral Nerve Injury

PNI are a significant clinical problem due to their impact on sensory and motor function.
Peripheral nerves, due to their location in the body, and their delicate structure are more
exposed to damage from injury or illness compared to the CNS structures. The CNS is
well-protected by the skull, spine, meninges, and the chemical defence of the blood-brain
barrier, while peripheral nerves lack these layers of physical and chemical protection.
Consequently, damage to peripheral nerves can result from numerous incidents, ranging
from mechanical injuries such as compression, stretching, or cutting, to non-mechanical
factors including diseases, genetic conditions, or the effects of medications (Caillaud et

al., 2019).

Despite the fact that axons in the PNS are capable of regrowth after the injury, to
reinnervate their target muscles or sense organs (Fu & Gordon, 1997; Gaudet et al., 2011;
T. Gordon, 2020; T. Gordon & Borschel, 2017; Lieberman, 1971), a significant proportion
of PNIs lead to poor functional outcomes, inadequate nerve regeneration, and the loss of
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sensory and motor functions which are often accompanied by incomplete recovery, muscle
atrophy, chronic pain, and severe weakness (Lopes et al., 2022; M. L. Wang et al., 2019).
The time between the initial nerve injury, and muscle or organ reinnervation by regrowing
motor axons is the most important detector of the functional recovery anticipation (Scheib
& Hoke, 2013). The main challenge for proper healing in PNI is the speed of axonal
growth, which is very slow at 1-3 mm daily until reaching to distal motor endplates (Lopes
et al., 2022; Slavin et al., 2021). In most cases of PNIs, the damage site is located at a long
distance from the target motor endplates, and in cases like brachial plexus it takes more
than a year that axons could reach to distal muscle to reinnervate them (T. Gordon, 2020).
Prolonged denervation causes muscle atrophy and fibrosis (T. Gordon, 2020), and muscles
not able to fully recover from atrophy because of satellite cells exhaustion. Also,
intramuscular neural sheets become destroyed in the long-term denervation. Thus, very
low number of motor axons could innervate these muscles, and functional recovery

reduces by up to 90% (Fu & Gordon, 1995).

Based on the nerve gap and other factors in PNI surgical or non-surgical treatments might
be performed. Deciding to undertake surgical intervention is complex; performing surgery
too early can hinder the potential for spontaneous recovery. Conversely, relying on the
lesion's ability to recover spontaneously carries risks, as there is a critical period during

which surgery can significantly enhance the recovery potential (Lopes et al., 2022).

However, surgical treatments are essential for addressing PNI, though effective solutions
remain difficult. For small gaps under 1 cm, neurorrhaphy (suturing nerve ends) is
commonly used, but it is limited to short gaps to avoid excessive tension that could hinder

regeneration. Fibrin glue offers an alternative by reducing inflammation and providing
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quicker results (Lopes et al., 2022; Vijayavenkataraman, 2020). For larger gaps, nerve
grafting is common, with nerve autografts being the most effective for gaps over 3 cm
(Grinsell & Keating, 2014). However, autografts come with drawbacks such as the need
for a second surgery, donor site morbidity, limited donor nerves, and long recovery times
(Kehoe et al., 2012). Nerve allografts may be used for gaps too large for autografts (more
than 3 cm in humans), but they require long-term (18- 24 months) immunosuppressive
therapy, and high risk of opportunistic infections and other systemic issues. Therefore, this
method is only used in severe cases that cannot be treated otherwise. Recently, advances

in artificial nerve guide conduits aim to reduce reliance on allografts (Lopes et al., 2022).

Non-surgical treatments, such as exercise and electrical stimulation, are often combined
with surgery to promote nerve regeneration, but the outcomes, especially in PNIs with a
nerve gap longer than 3 cm, are unknown. While exercise can aid axonal growth and pain
relief (Maugeri et al., 2021), low-frequency electrical stimulation has shown promise in
improving nerve healing (Alvites et al., 2018), though high-frequency stimulation can
worsen and intensify muscle atrophy. It is crucial to standardize factors such as the
duration of electrical stimulation, consider potential side effects on healthy surrounding
tissues, and account for variations caused by the type and extent of injury. As mentioned
earlier, although these efforts to find PNI treatments are promising, it remains challenging
to develop a perfect method that effectively reduces neuropathic pain and fully could

restore nerve function (Lopes et al., 2022; Vijayavenkataraman, 2020).

1.8.1 Brachial Plexus Injuries
The brachial plexus is a complex network of nerves emerging from the spinal cord segment

located in the neck, which controls the muscles and sensations in the shoulder, arm, and
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hand (Bayot et al., 2023; Smania et al., 2012). Adult traumatic BPIs, a type of PNI, are
severe and debilitating, significantly affecting functional abilities and daily activities.
These injuries cause major physical impairments and create substantial social, economic,
and psychological challenges, frequently leading to lifelong disabilities as patients often
lose their arm and hand functions (Breyer et al., 2021; Thatte et al., 2013). Patients
undergoing BPI surgery experience a high prevalence of mental health issues, with 38%
having coded depression, 42% coded anxiety, and 25% having both coded depression and

anxiety in the year preceding the operation (Yannascoli et al., 2018).

The primary consequences of BPI include muscle atrophy, sensory deficits, pain, and
psychological distress. Muscle atrophy, a key result of denervation, begins as early as 2 to
3 months post-injury, with a 50% reduction in fibre diameter. By 2 to 4 months, there is
activation of satellite cells, a decrease in fibrils, and death of myofibres and capillaries,
accompanied by significant interstitial collagen deposition. Over time, nuclear chromatin
condenses and fragments and mitochondrial matrix staining density decreases. As
denervation progresses, mitochondria shrink, become more globular, and have fewer
cristae, reducing the muscle's repair ability. From 2 to 7 months, muscle and fibre atrophy
continue, with dense collagen fibres forming around remaining muscle fibres. By a year,
initial streak rarefaction occurs, and by 18 months, there is a significant reduction in CSA
and changes in the sarcoplasmic reticulum. After two years, muscle fibres fragment and
disintegrate, with adipose and fibrous connective tissue replacing the lost muscle fibres

within 1 to 3 years (Smania et al., 2012).

Neuropathic pain, often associated with nerve damage and paralysis, is a significant issue,

especially for individuals with complete palsy, affecting nearly 80% of cases. This pain
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typically begins either immediately or within a few days following the injury and may last

for months or even years (Bertelli & Ghizoni, 2010).

Somatosensory deficits following BPI significantly impact functional recovery,
particularly of the upper limb and hand (Oud et al., 2007). The extent of sensory
impairment generally depends on the specific nerve roots involved, and the affected area
usually follows a dermatomeric distribution (Russell, 2015). Sensory impairments can
include loss of touch, proprioception, and pain sensation, which can severely disrupt limb
use. The recovery process for sensory functions after BPI is often slow and incomplete

and full restoration of sensory function is rare (Smania et al., 2012).

1.9 Muscle Optogenetics

Optogenetics is a technique that introduces a foreign gene into a cell to make it light-
sensitive. This method is mainly used on electrically excitable cells, allowing for the
regulation of cellular activity using light, which can either excite or inhibit the cells based
on the context. Initially developed to control neuronal activity, it employs light-sensitive
proteins like channelrhodopsins (ChRs) to regulate ion flow across cell membranes in
response to specific light wavelengths (Boyden et al., 2005; Ferenczi et al., 2019; Yizhar

et al., 2011).

Bacteriorhodopsin was identified as an ion pump in 1971 that can be swiftly triggered by
visible light photons (Oesterhelt & Stoeckenius, 1971). This concept of controlling cellular
functions with a single gene and component persisted, leading to the later discovery of
other family members: halorhodopsin (Matsuno-Yagi & Mukohata, 1977),

channelrhodopsin 1 (ChR1) (Nagel et al., 2002), and channelrhodopsin 2 (ChR2) (Nagel
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et al., 2003). Boyden et al. (2005), introduced ChR2 into mammalian neurons for the first
time using lentiviral gene delivery, making neurons responsive to light. This
groundbreaking study, lead to a spike in optogenetic research in neurons. By 2010, it was
demonstrated that ChR, bacteriorhodopsin, and halorhodopsin could all effectively, safely
and rapidly activate or deactivate neurons in response to different light colours

(Deisseroth, 2011).

ChR2, one of the most common proteins used in optogenetics, is a seven transmembrane
helix protein from the rhodopsin (Rh) family with 737 amino acids (Abilez et al., 2011;
Miiller et al., 2011; Natasha et al., 2013) which acts as a nonselective ion channel,
permitting the flow of sodium, potassium, proton, and calcium ions across the cell
membrane. It is optimally activated by light at a wavelength of 470 nm, featuring a rapid
activation time of less than 1.5 millisecond (ms) and a closure rate between 10 and 13 ms.
However, ChR2 can exhibit high levels of desensitization, which may result in inconsistent
responses during repetitive or continuous light stimulation (Ishizuka et al., 2006; J. Y. Lin
et al., 2009). To address these limitations, the ChR2-H134R variant was developed,
offering reduced desensitization and enhanced expression in mammalian tissues (Nagel et
al., 2005). This variant of ChR2 has been extensively studied, demonstrating its efficient
expression and kinetic properties that align well with the requirements for inducing muscle
excitation-contraction coupling, making it a pivotal tool in optogenetic applications within

muscle research.

1.9.1 Indirect Muscle Optical Stimulation
The earliest demonstration of light-induced muscle contraction involved the optogenetic

stimulation of ChR2-expressing excitatory motoneurons in the layer 5 vibrissal motor
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cortex, which triggered whisker movement in freely moving mice and rats (Aravanis et
al., 2007). This technique was later expanded to stimulate the phrenic nucleus and spinal
respiratory interneurons, restoring diaphragm movement and breathing in rats with SCI

(Alilain et al., 2008).

Currently, indirect optical muscle stimulation refers to introducing an optogenetic opsin
into peripheral motoneurons controlling muscle functions, which has been developed as
an alternative to electrical stimulation (Cohen et al., 2023; Gundelach et al., 2020). The
first optical stimulation of peripheral motoneurons to activate skeletal muscles was
conducted in transgenic mice expressing ChR2-YFP in both CNS and peripheral nervous
system (PNS) neurons, to recruit MUs in an orderly fashion based on size. This approach
overcame a key limitation of electrical stimulation, which activates larger MUs before
smaller ones, causing fatigue even at low intensities (Llewellyn et al., 2010). Another key
study utilized an adeno-associated virus (AAV) 6 vector to introduce the ChR2 gene into
the sciatic nerve of rats, indirectly activating the tibialis anterior (TA) and gastrocnemius
muscles through light stimulation of the sciatic nerve (Towne et al., 2013). Additionally,
Bryson et al. (2014) conducted another study of indirect optical muscle activation by
transplanting ChR2-expressing motoneurons into the tibial nerve of mice. Upon
illumination with blue light, these transplanted neurons were activated, inducing
downstream skeletal muscle contraction. Further examples of indirect optical muscle
activation include regulating ankle joint positioning by optically stimulating peripheral
nerves in the lower limb (Srinivasan et al., 2018). However, this method presents
challenges. First, it may lack precision. It is difficult to ensure that only the target motor

neuron is affected, which can lead to unintended activation of other nerves, such as afferent
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(sensory) nerves. This can result in off-target effects (Cohen et al., 2023). Additionally,
stimulating an entire motor neuron, which controls a whole muscle or part of a muscle,
complicates precise localized control of muscle contraction. This lack of precision in
controlling individual muscle fibres limits the usefulness of indirect stimulation for fine-
tuned muscle movement. Moreover, the effectiveness of this method is largely restricted
to scenarios where the neuromuscular system retains some degree of functionality. When
target motoneurons are damaged, as in neuromuscular diseases like motor neuron disease,
nerve avulsion, and SCI, indirect stimulation may not be effective. Direct optogenetic
stimulation of muscles may offer a safer and less harmful alternative to electrical methods,
potentially improving muscle function without the associated risks of nerve-based

stimulation (Cohen et al., 2023).

1.9.2 Direct Muscle Optical Stimulation

Skeletal muscles, being electrically excitable tissues, present an ideal platform for direct
optogenetic applications. By expressing ChR2 in these cells, it is possible to control
muscle activation directly with light, bypassing the traditional neuromuscular pathway.
The direct expression of opsins in muscles marks a new era of research, though relatively
few studies have been conducted so far. Some have explored direct optical stimulation of
cardiac muscles to treat cardiac arrhythmias (Bruegmann et al., 2010; Crocini et al., 2016;

Nyns, Poelma, Volkers, Plomp, et al., 2019; Scardigli et al., 2018; Zaglia et al., 2015).

The first expression of ChR2 in skeletal muscle was achieved in the body wall and egg-
laying muscles of Caenorhabditis elegans nematodes (Nagel et al., 2005). /n vivo direct
optical stimulation of skeletal muscles was elegantly demonstrated by Magown et al.

(2015), who showed that optogenetic stimulation of skeletal muscle fibres could efficiently
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control muscle contraction in transgenic mice, with ChR2 expressed within the
sarcolemma and T-tubules of the fibres. This optogenetic activation significantly reduced
denervation atrophy, a common issue in long-term muscle disuse scenarios. A similar
study by Bruegmann et al. (2015) reported successful optical contraction of skeletal
muscle in transgenic mice, with tetanic force produced by optical stimulation reaching
84% of the maximal force generated by electrical stimulation. Recently, it was shown that
grafting engineered muscle tissue formed from C2C12 cells expressing ChR2 can be
beneficial in addressing volumetric muscle loss VML (Rousseau et al., 2023). Moreover,
another study demonstrated the activation of paralyzed diaphragm muscle, where ChR2
was transfected into the muscle via AAV vectors (Benevides et al., 2022). Additionally, a
study applied optogenetics to activate the tongue in mice, offering insights into respiratory

physiology and potential interventions for respiratory dysfunctions (Singer et al., 2023).

1.10 Summary of Objectives

The primary aim of this thesis is to investigate novel methods for restoring function in
permanently denervated skeletal muscles through 1) cell replacement therapy, which
provides regenerative potential via newly introduced satellite cells, and 2) the
incorporation of exogenous genes into these cells to enable optogenetic muscle activation.
This research focuses on directly activating muscles via optogenetics to bypass traditional
nerve stimulation pathways which could aid patients with severe injuries such as SCI, PNI,
and Motor neuron diseases like ALS, where neural reconnection is absent. By advancing
these approaches and employing innovative gene delivery systems, this thesis seeks to

enhance strategies for functional recovery in paralyzed muscles.
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Chapter 2: To develop and characterize a protocol for differentiating mouse ES cells into
functional skeletal muscle fibres in vitro, assessing their structural, molecular, and

optogenetic properties for potential applications in muscle cell replacement therapy.

Chapter 3: To evaluate the capacity of ES cell-derived myoblasts transplanted into
destroyed mouse muscles, following irradiation and notexin injection, to regenerate
muscle fibres, restore muscle mass, express exogenous genes (tdTomato or ChR2), and,
in the case of ChR2-expressing myoblasts, to enable functional contraction through

optogenetic stimulation.

Chapter 4: To characterize the anatomical and physiological properties of regenerated
muscles following tdTomato-expressing myoblast transplantation (as described in Chapter
3), focusing on the capacity for innervation by endogenous motor axons and evaluating
muscle contractile force to support therapeutic approaches for conditions such as DMD,

VML, and PNI.

Chapter 5: To evaluate a new method for gene delivery into ES cell-derived myoblasts
using ionizable LNPs, focusing on their efficiency, specificity, and safety in transferring

tdTomato plasmid DNA (pDNA) into skeletal muscle cells in vitro.

25



Chapter 2: Anatomical and Physiological Characteristics of the
Embryonic Stem Cell-Derived Skeletal Muscle Fibres In Vitro

2.1 Abstract

This study aims to develop a protocol for differentiating mouse ES cells into functional
skeletal muscle cells for potential application in muscle cell replacement therapies. Mouse
ES cells were successfully differentiated into mature myofibres in vitro, capable of
surviving for extended periods and expressing skeletal muscle markers. These ES cell-
derived myoblasts were engineered to express either tdTomato or ChR2, facilitating the
identification or optical control of these cells post-transplantation. We used AAV to
introduce the ChR2 gene into wild-type ES cell-derived myoblasts, to enhance therapeutic
potential, achieving successful gene expression and functional optical responsiveness. The
muscle fibres produced in vitro were predominantly fast-twitch fibres, as indicated by the
expression of fast skeletal myosin in the absence of slow myosin expression. Additionally,
the study included a developmental analysis of the differentiated muscle cells, identifying
the temporal expression of myogenic markers, including Pax7, MyoD, and myogenin,
revealing the progression of ES cell-derived myoblasts from quiescent to differentiated
states. The maturation time was also assessed by tracking the onset of skeletal myosin and
desmin expression. These findings underscore the feasibility of generating functional
skeletal muscle cells from ES cells, with potential applications for transplantation into
injured or denervated muscles to restore some functionality. Moreover, the use of
optogenetic tools, such as ChR2, offers a novel approach to controlling muscle function
post-transplantation.
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2.2 Introduction

Skeletal muscle is a well-structured tissue specialized in generating force for maintaining
posture, enabling movement, and facilitating breathing (Chromiak & Antonio, 2008). A
distinctive characteristic of healthy adult muscle is its capability to completely restore its
structure and contractile functions after routine 'wear-and-tear' and acute injuries (Sousa-
Victor et al., 2022). During embryogenesis, skeletal muscle develops from the myotome.
Besides generating differentiated muscle fibres at this stage, embryonic progenitor cells
also create specialized muscle-forming stem cells known as satellite cells (Gros et al.,
2005; C. Xu et al., 2013). In mature muscles, satellite cells are quiescent, located beneath
the basal lamina, and identified by specific molecular markers, such as the paired box
transcription factor 7 (Pax7) (Cosgrove & Blau, 2010; Gros et al., 2005; Mauro, 1961;
Yablonka-Reuveni, 2011). Activation of these cells leads to cell division, proliferating and
differentiating into new myofibres to replace damaged fibres after injury or to sustain the
satellite cell pool (Dhawan & Rando, 2005; Kuang & Rudnicki, 2008; Sousa-Victor et al.,
2022; Zammit, Partridge, et al., 2006). Myogenic transcription factors, including Pax7 and
muscle regulatory factors (MRFs), indicate the phases of myogenic progression. For
example, while Pax7-positive cells denote inactivated stem cells, the expression of MyoD
alongside Pax7 indicates activated proliferating cells with two distinct destinies.
Pax7/MyoD co-expressing cells will either differentiate into MyoD/Myogenin co-
expressing myocytes to produce myofibres or downregulate MyoD to replenish the

satellite cell pool (Day et al., 2009).

Critical motor nerve injuries, such as SCI and PNI, result in significant disabilities. These

injuries disrupt neural pathways essential for motor control, leading to muscle denervation,
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paralysis, atrophy, and severe dysfunction. While peripheral motor axons can regenerate
after injury, CNS motor axons do not naturally regenerate (Huebner & Strittmatter, 2009).
However, due to the slow regeneration rate of approximately 1 mm/ day, prolonged
denervation occurs, resulting in muscle atrophy and fibrosis, reducing the possibility of
successful reinnervation to only 10% (T. Gordon, 2020). Prolonged denervation renders
the muscle's self-repair system incapable of restoring muscle mass and function (Wong et
al., 2021). It is widely accepted in medical knowledge that muscles denervated for a year
or longer cannot regenerate on their own (Seddon et al., 1943). Contrary to previous beliefs
that the muscle satellite cell reserve diminishes in chronic muscle denervation, these cells
appear to retain their myogenic potential and regenerative ability, capable of repopulating
their niche (Wong et al., 2021). However, their failure to undergo differentiation is likely
due to their migration being physically obstructed by the fibrotic tissue in the denervated

muscle (Borisov et al., 2005).

Currently, there are no methods available to restore meaningful function to permanently
denervated muscles. However, finding a way to restore some functionality to the muscles
controlling hand movements could significantly improve the quality of life for patients
suffering from permanent paralysis (Anderson, 2004). To this end, we aim to replace the
denervated muscle’s cells with exogenous myoblasts expressing the ChR2 gene, which
can be excited by blue light. Previously, our lab demonstrated that direct expression of
ChR2 in the skeletal muscle fibres of transgenic mice causes functional muscle contraction

in response to blue light photons (Magown et al., 2015).

To perform cell replacement therapy, it is necessary to generate muscle cells expressing

ChR2 suitable for transplantation. In this study, we aimed to differentiate mouse ES cells
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into myoblasts in vitro, using the method described by C. Xu et al. (2013). They examined
the effects of various chemical components on myogenesis and identified six compounds
that significantly enhance the differentiation of mouse satellite cells and human induced
pluripotent stem cell lines (hiPSCs) (C. Xu et al., 2013). Using three of these components
(basic fibroblast growth factor (bFGF), forskolin, and BIO, the GSK3p inhibitor), we
successfully differentiated mouse ES cells into mature and functional myofibres, which

remained viable for an extended period in vitro.

After validating the protocol, we required muscle cell lines carrying external genes for
transplantation. Using muscle-specific promoters (Pax7 or a Human skeletal actin (HSA)),
we produced ES cell-derived skeletal muscle cell lines expressing tdTomato reporter or
ChR2. Both cell lines successfully differentiated into mature skeletal muscle fibres.
tdTtomato-expressing myoblasts exhibited strong red fluorescence under the microscope,
while ChR2-expressing myoblasts effectively contracted in response to blue light,
indicating successful external gene expression in the muscle cell culture. Also, we
explored an alternative method to introduce the ChR2 gene into these differentiated
myoblasts. We transferred the ChR2 gene into the myotube culture through transduction
with AAV-PHP.eB-CAG-ChR2-EYFP, which also resulted in successful muscle
contractions in response to blue light illumination. Finally, we studied the developmental
characteristics of the ES cell-derived muscle cultures at different time points by measuring
the levels of muscle-specific markers (desmin and myosin) and myogenic factors (PAX7,
MyoD, and myogenin). Overall, our study establishes a mouse ES cell-derived muscle

culture system suitable for genetic manipulation and engraftment into host muscles in vivo.
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2.3 Materials and Methods

2.3.1 ES Cells Passages and Embryonic Body Formation

Three different types of mouse ES cells were used in this study, including wildtype ES
cells (a gift from Gregory L. Cox, The Jackson Laboratory, Bar Harbor, Maine), Pax7-
tdTomato ES cells (generated in the lab), which harbor a skeletal muscle-specific pax7
promoter to induce the expression of tdTomato in mature skeletal muscles, and Ai32H]1
ES cells (also generated in the lab), which carry a skeletal muscle-specific HSA promoter

to induce the expression of ChR2-EYFP in mature skeletal muscle.

After quickly thawing ES cells in a 37°C water bath, they were transferred to a tube with
Hanks’ Balanced Salt Solution (HBSS) (Thermo Fisher Scientific). The cells were
centrifuged and resuspended in ES medium, consisting of 82.5 ml Knockout DMEM
(Invitrogen) with penicillin-streptomycin (Thermo Fisher Scientific), 15 ml ES Grade
Fetal Bovine Serum (VWR), 1 ml Nonessential Amino Acids (NEAA), 1 ml 2-
mercaptoethanol, 500 ul Hepes (Invitrogen), 10 ul Mouse Recombinant LIF (Stemcell
Technologies), 10 ul Mirdametinib, and 10 pl GSK3 inhibitor (Stem Cell Technologies).
These cells were plated in 5 ml ES medium on tissue culture feeder layer plates previously
prepared with Mitomycin C (MTOC)-treated primary mouse embryonic fibroblasts
(PMEF). The cells formed small colonies within a few days. After several passages every
two days, once the ES cells had grown, ES cell medium was removed to prepare embryoid
bodies, and the cells were gently rinsed with HBSS. The cells were lifted using TripLE
Express enzyme (Thermo Fisher Scientific), centrifuged, and the supernatant was
removed. They were resuspended in ADFNK medium, composed of 125 ml Neurobasal
media (Invitrogen), 125 ml Advanced DMEM/F12 (Invitrogen), 2.85 ml 2-
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mercaptoethanol (Embryomax), 2.85 ml Glutamax (Invitrogen), and 28.5 ml Knockout
Serum Replacement (Invitrogen). The cells were added to gelatin-coated dishes and
incubated for 30 minutes, allowing PMEFs to attach to the gelatin layer, leaving a purer
population of ES cells. Non-attached cells were removed, centrifuged, and the pellets were
resuspended and cultured in suspension at 37°C for two days in ADFNK medium to

facilitate embryoid body formation.

2.3.2 Skeletal Muscle Differentiation

Embryonic bodies were produced and transferred two days later to STEMDiff APEL
medium (Stem Cell Technologies), with 0.5 pM GSK3f inhibitor (Stem Cell
Technologies), 20 uM Forskolin (Stem Cell Technologies), and 10 pg/mL bFGF (Stem
Cell Technologies) in suspension culture dishes for five days. Then, 3 embryonic bodies
were selected and plated in each culture well on circular, coated Thermanox coverslips,
pre coated with Matrigel in the same STEMdiff medium with GSK3p inhibitor, Forskolin,
and bFGF. After 3 days, once the embryonic bodies had attached to the coverslips, the
medium was replaced with DMEM muscle medium (Thermo Fisher Scientific) with 2%
horse serum and 1% penicillin-streptomycin (Thermo Fisher Scientific) added. The day of
DMEM administration was considered as day 0. Cells were maintained in this medium for

12-15 days, with fresh medium replaced every 3 days.

2.3.3 Culture Dissociation and Replating

The DMEM medium with 10% horse serum and 1% Penicillin-Streptomycin solution were
discarded. The cells were washed for 10 minutes with EDTA (Thermo Fisher Scientific),
followed by the addition of 2X Trypsin EDTA and 10X DNase, after which they were

triturated. The cell suspensions were centrifuged, and the resulting pellets were
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resuspended in muscle medium and replated in cell culture wells containing circular

coverslips pretreated with Matrigel.

2.3.4 AAV-PHP.eB-CAG-ChR2-EYFP Transduction into Cells

For transduction of AAVs carrying ChR2-EYFP genes into ES cell-derived myoblasts on
day 13 post-differentiation, we first evaluated the cells to identify wells with maximum
myofibre coverage and spontaneous contraction. We then dissociated (as previously
described) three comparable wells (100% muscle coverage and contractile, if possible) to
estimate the number of cells to be transduced from similar wells. After removing the
supernatant and resuspending the pellet in 1 ml muscle medium, we counted the cells and
estimated the number per well for transduction. To produce the sustained contraction
pattern observed with transgenic ChR2 ES cells stimulated with blue light, a Multiplicity
of Infection (MOI) of 100,000 is required. To calculate the necessary viral genome copies

(GC), we multiplied the number of cells by the MOI:

Quantity of viral particles needed (GC) = estimated number of cells per well x MOL.

The titre of the AAV2 PHP.eB-CAG-ChR2-EYFP virus (Neurophotonics) was 6.3 x 10'?

GC/ml (or 6.3 x 10° GC/pl). To calculate the volume of virus needed, we used this formula:

Volume of virus needed per well (ul) = quantity of viral particles needed (GC) / titre

(GC/ul).

We added the required volume of virus to each well. The next day, additional media was

added without removing the existing media.
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2.3.5 Light Stimulation of ChR2 Expressing Cells
Light stimulation of cells was done using fluorescent microscope (Optika microscopes) by
illuminating blue light to the cells for very short fraction of time and recording the video

using Optika Pro view software.

2.3.6 Cells Immunohistochemistry

Cultures were fixed for 15 minutes with 4% paraformaldehyde (PFA). Following fixation,
a gentle triple rinse, each lasting 10 minutes, was performed using 1x phosphate-buffered
saline (PBS). Overnight incubation at 4 °C followed with primary antibodies: mouse anti-
Fast myosin IgG (1:500, Sigma-Aldrich), rabbit anti-Fast myosin IgG (1:500, Abcam),
rabbit anti-desmin IgG (1:1000, Abcam), rabbit anti-MyoD1 IgG (1:1500, Proteintech),
mouse anti-F5D (Myogenin) IgG1 (1:250, Developmental Studies Hybridoma Bank),
mouse anti-BA-D5 IgG2b (specific to slow MHC) (1:10, Developmental Studies
Hybridoma Bank), mouse anti-Pax7 IgG1 (1:250, Novusbio), and rabbit anti-GFP IgG
(1:1000, Abcam). Antibodies were diluted in 1% BSA (VWR) in PBS with 0.5% PBS-
Triton. After three additional PBS rinses, cultures were exposed to appropriate secondary
antibodies at room temperature for 1-2 hours in the dark: Alexa Fluor 488-conjugated goat
anti-mouse IgG (1:500, Invitrogen), Alexa Fluor 488-conjugated goat anti-mouse IgG1
(1:500, Invitrogen), Alexa Fluor 488-conjugated goat anti-mouse IgG2b (1:500,
Invitrogen), Alexa Fluor 546-conjugated goat anti-mouse IgG (1:500, Invitrogen), Alexa
Fluor 488-conjugated goat anti-rabbit (1:500, Invitrogen), and Alexa Fluor 546-
conjugated goat anti-rabbit (1:500, Invitrogen). Following another triple PBS rinse,
nucleus staining was performed with Hoechst 33342 (Sigma-Aldrich) at 0.1 pug/ml for 10

minutes in PBS. After the final wash, circular coverslips were placed on microscope slides
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and covered with lab-made mounting medium composed of 1:2 glycerol in 1x PBS,

supplemented with 0.03 mg/ml p-phenylenediamine.

2.3.7 Imaging
Imaging was performed using an upright fluorescent microscope (Leica Instruments), and

image processing was done using Zen-Blue software (Zeiss).

The area covered by cells expressing desmin or myosin was analyzed using Imagel
software, using 20x images captured from various areas of the coverslip covered by cells.

For each day 15-20 images were analysed.

For cell number counting, several 40x images were captured from various areas of the
coverslip covered by cells. For each day, at least 20 images were analyzed by labelling the

cells and counting the number of labels at the end.

2.3.8 Statistical Analysis

Statistical GraphPad Prism (Prism 10) software were used for the statistical analysis and
graph creations. All data were expressed as the mean + standard deviation, with statistical
significance determined at P < 0.05. Comparison between percentage of the culture area
covered by desmin and skeletal myosin expressing myoblasts/myotubes in different days
were using Multiple unpaired t-test, while Multiple comparisons ANOVA test was
employed for comparisons between four groups of expressing Pax7, Pax7/ MyoD, MyoD/

myogenin and myogenin in different days.
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2.4 Results

2.4.1 Production of Functional Skeletal Muscle Fibres from ES Cells in vitro.

For muscle cell replacement therapy, the primary objective is to produce healthy and long
living muscle cells in vitro. ES cells, sourced from the inner cell mass of the pre-
implantation blastocyst, exhibit significant therapeutic potential due to their extensive
proliferation and differentiation capabilities into any fully specialized cell types in the
body, including skeletal muscle cells, thus making them promising candidates for cell

transplantation therapy (Bhagavati & Xu, 2005).

To validate our developed cell differentiation protocol, we initially used wild-type mouse
ES cells and differentiated them into skeletal muscle cells. After 3 days of differentiation
and 15 days of maintenance in muscle media, these cells were dissociated and reseeded
into cell culture plates pre-treated with Matrigel (Fig. 2.1A). This step was undertaken to
evaluate their phenotype and survivability post-dissociation, a crucial process for

preparing the cells for collection and subsequent transplantation into muscle tissue in vivo.

Time-course staining of these cells with skeletal muscle-specific antibodies, such as
skeletal myosin and desmin, indicates that ES cell-derived myoblasts express both factors
and can survive in vitro for a long period (Fig. 2.1B). Notably, skeletal myosin is not
expressed on day 1, but its expression begins as early as day 4 (Fig. 2.1B). These cells
remain viable in vitro in muscle media for nearly two months (results not shown). A high-

magnification image of these differentiated myofibres is shown in Figure 2.1C.
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2.4.2 Production of ES Cell-derived Myotubes Expressing tdTomato and ChR2

After validating the protocol, we proceeded to generate tdTomato-expressing myoblasts.
Producing myoblasts expressing tdTomato is highly beneficial for distinguishing in vitro
cultured muscle cells from endogenous muscles after in vivo transplantation into the host
mouse’s muscle. To achieve this, ES cell-derived myoblasts were produced using ES cells
from Pax7Cre; tdTomato mice strain. These mice express tdTomato following the Cre-
mediated excision of a floxed stop codon. As demonstrated in Figure 2.2, tdTomato-
expressing cells form elongated muscle fibres in vitro, expressing skeletal myosin as
confirmed by immunohistochemistry staining, and displaying a vivid red colouration even

without the need for tdTomato antibody staining.

Furthermore, to develop muscle fibres capable of exogenous activation, which could be
transplanted into denervated muscles to create optically controlled muscles, ChR2-EYFP-
expressing myoblasts were produced from ES cells from HSACre; A132 mice strain. These
transgenic mice were generated by crossing mice that possess the cre recombinase gene,
driven by the HSA promoter, with Ai32 mice, which contain a LoxP-stop-LoxP-EYFP-
ChR2 cassette. The engineered myoblasts were designed to express ChR2 fused with
enhanced yellow fluorescent protein (EYFP), facilitating optical control. Supplementary
video 2.1 (see Appendix One) shows ChR2-EYFP-expressing muscle fibres responding to
blue light stimulation, indicating efficient ChR2 expression and functional optical

responsiveness in these fibres.

This approach not only confirms the successful differentiation of muscle fibres but also
demonstrates the potential for precise, light-controlled activation of muscle cells, offering

promising insights for future therapeutic applications.
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2.4.3 Transduction of ES Cells derived Myotubes with AAV-PHP.eB-CAG-ChR2-
EYFP
After producing ChR2-expressing myoblasts from transgenic mice, we aimed to generate
ChR2-expressing embryonic ES-derived myoblasts from wild-type mice. To achieve this,
we utilized AAV, a non-enveloped virus, to introduce the ChR2-EYFP gene into the wild-
type myoblasts. AAVs are well-documented for their efficiency in delivering DNA to
target cells and have garnered significant attention in clinical-stage experimental
therapeutic strategies. The technique of producing recombinant AAV particles, which lack
viral genes and contain DNA sequences of interest, has been consistently recognized as

one of the safest approaches for various gene therapy applications (Naso et al., 2017).

In particular, the AAV-PHP.eB variant, derived from AAV9, features capsid
modifications that enhance its tissue penetration, making it a superior choice for
transfecting the CNS and peripheral tissues (Chan et al., 2017). We selected AAV-
PHP.eB-CAG-ChR2-EYFP, which has been shown to effectively infect mouse
hindquarter muscle (Jiang et al., 2021), to transfect our myoblasts in vitro. Following the
differentiation of ES cells into skeletal muscle cells, 13 days after the administration of
muscle media, the muscle fibres were infected with AAV-PHP.eB-CAG-ChR2-EYFP.
Figure 2.3 displays skeletal muscle fibres immunostained for EYFP, indicating efficient
expression of the ChR2-EYFP conjugate upon AAV-PHP.eB-CAG-ChR2-EYFP
transduction. Additionally, Video 2.2 (see Appendix One) demonstrates the contraction of

these muscle fibres in response to blue light stimulation.
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2.4.4 Characterization of Fibre Types in Myotubes Derived from ES Cells

To investigate the characteristics of the ES cell-derived muscle fibres we produced in vitro,
we aimed to determine their fibre types. Mammalian skeletal muscle fibres are categorized
into different types, each with distinct movement rates, responses to neural inputs, and
metabolic characteristics. These fibre types are a conserved feature in vertebrate muscle.
For instance, adult mouse and fish musculature exhibit a gradient of myosins, metabolic
activity, innervation patterns, and various other distinguishing features. Skeletal muscle
fibres are broadly classified into slow-twitch (type I) and fast-twitch (type II) categories,
based on the type of myosin heavy chain (MHC) isoforms they express, which determine
their contraction speed and fatigue resistance (Mukund & Subramaniam, 2020; Pette &

Staron, 2000; Schiaffino & Reggiani, 2011; Talbot & Mavez, 2016).

To assess the fibre types in our ES cell-derived muscle fibres in vitro, we fixed and stained
the fibres for both fast and slow skeletal MHCs. As shown in (Fig 2.4), all cultured muscle
fibres exclusively expressed fast skeletal myosin, with no fibres expressing slow myosin.
This result indicates that all the muscle fibres produced in vitro in our lab are fast skeletal
muscle fibres, highlighting a lack of slow-twitch fibre development under the given culture

conditions.

2.4.5 Developmental Characterization of ES Cell-derived Myotubes in vitro

In the next step, we sought to investigate the developmental characteristics of mouse ES
cell-derived myoblasts in vitro. We examined the expression levels of various myogenic
and muscle-specific factors in these cells from day 1, when they were moved to muscle
media after 3 days of differentiation, until day 15, when they had grown into

multinucleated muscle fibres, as shown in the graph (Fig 2.5A). Desmin, a muscle-specific
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intermediate filament protein crucial for muscle formation and maintenance in both
skeletal muscle and heart (Capetanaki et al., 1997; Paulin & Li, 2004), was one of the
factors investigated. Another important factor examined was skeletal muscle MHC, a
fundamental component of the sarcomere structure and muscle contraction. Deficiencies
and mutations in genes encoding skeletal muscle MHC isotypes induce atrophic changes
in skeletal muscle (Hitachi et al., 2023). Changes in desmin and Skeletal myosin
expression over time are illustrated in (Fig 2.5 B, C). Desmin-positive cells were observed
from day 1, whereas myosin expression began on day 5. As shown in (Fig 2.5 C), the
percentage of the area covered by desmin-positive cells on days 1, 3, and 5 (7.33% + 3.0,
35.23% + 5.8, and 37.57% + 14.2, respectively) was significantly higher than the area
covered by myosin-positive cells, which remained at 0% on days 1 and 3, and only reached
4.31% + 4.9 on day 5 (P=0.0019, P<0.0001, and P=0.0015, respectively). However, by
days 10, 13, and 15, myosin expression increased, bridging this initial lag (59.59% + 10.7,
85.69% =+ 3.4, and 88.64% + 4.2, respectively), showing no significant difference
compared to desmin expression levels (62.13% = 13.0, 85.57% + 4.05, and 88.21% + 4.0,

respectively) (P=0.7210, P=0.9606, and P=0.8592, respectively).

Satellite cells and their progeny exhibit temporal expression of transcription factors that
correspond to various stages of myogenic progression. These factors include the Pax7 and
the MRFs such as MyoD and myogenin (Day et al., 2009; Smith et al., 1993; Yablonka-
Reuveni & Rivera, 1994). Cells expressing only Pax7 represent quiescent satellite cells
(Singh & Dilworth, 2013; Zammit, Relaix, et al., 2006), while Pax7/ MyoD co-expressing
cells are activated, proliferating satellite cells. These cells proliferate and divide to produce

a pool of muscle precursor cells that either downregulate MyoD and self-renew as Pax7-
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positive cells or differentiate and eventually fuse to form myofibres. MyoD/ myogenin co-
expressing or only myogenin expressing cells are differentiating myocytes (Day et al.,
2009; Eftimie et al., 1991; Miner & Wold, 1991). Indeed, MyoD directly activates genes
that promote cell cycle progression, resulting in myoblast proliferation, while myogenin
exhibits antiproliferative effects by activating genes that inhibit the cell proliferation
machinery, leading to cell cycle exit and promoting myoblast differentiation into mature

muscle fibres (Singh & Dilworth, 2013).

To determine the pattern of Pax7, MyoD, and myogenin expression within the ES cell-
derived myogenic cell culture, we immunostained them on different days (day 1, 5, 10,
and 15). Examples of this staining on day 1 and day 15 are shown in Figure 2.5 D. As
shown in Figure 2.5 E, on day 1 after differentiation, there were only Pax7 positive cells
in the culture, indicating all the myogenic cells were in the quiescent stage. There was a
significant difference between the number of Pax7 expressing cells (42.19% +18.9) and
Pax7/MyoD co-expressing, MyoD/myogenin co-expressing, and only myogenin positive
cells (0%, P=0.0002). On day 5, cells co-expressing Pax7/MyoD had the highest number
in the culture, accounting for 27.37% =+ 9.3 of the total number of cells counted based on
Hoechst staining. This indicates that most cells had entered the activated phase. The
number of Pax7/MyoD positive cells was significantly higher than the number of
myogenin positive cells, which was only 2.81% + 5.6 (P=0.0089). The numbers of Pax7
positive and MyoD/myogenin co-expressing cells were 19.35% + 10.4 and 23.86% +22.9
of the total cell numbers, respectively, with no significant difference between them and
Pax7/MyoD co-expressing cells. On day 10, the number of differentiated cells

MyoD/myogenin co-expressing was the highest at 36.49% =+ 5.3 of total cells, significantly
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higher than Pax7 positive (12.41% + 2.3), Pax7/MyoD positive (24.00% + 6.4), and
myogenin positive (10.64% = 2.5) cells (P= 0.0001, P= 0.0451, and P< 0.0001,
respectively), indicating that most cells were in the differentiation phase. Finally, on day
15, MyoD/myogenin positive cells again had the highest number in the culture (35.14% +
5.1), significantly more than Pax7 positive (14.7% =+ 5.2), Pax7/MyoD positive (24.03%
+ 5.0), and myogenin positive (21.28% =+ 5.5) cells (P=0.0042, P= 0.0443, P= 0.0184,

respectively).

In summary, initially only quiescent satellite cells were present in the culture, but by day
5, most had entered the activated stage to differentiate into long multinucleated muscle
fibres or reproduce Pax7 positive muscle satellite cells. By days 10 and 15, most cells were
in the differentiation phase, expressing MyoD/myogenin or fully mature multinucleated

fibres downregulated MyoD and expressing only myogenin.

2.5 Discussion

This study aimed to develop and validate a protocol for differentiating mouse ES cells into
functional skeletal muscle cells that express external genes, particularly ChR2, for
potential use in muscle cell replacement therapies. The primary goal was to generate viable
skeletal muscle cells in vitro that could be transplanted into denervated muscles or injured
muscles with impaired regenerative capabilities. These cells would potentially regenerate
muscle tissue through engraftment and development of the transplanted differentiated
muscle cells and could be used to activate denervated muscles optically, thereby restoring

some level of function to these muscles.
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The results effectively demonstrated that the ES cells were successfully differentiated into
myoblasts, expressing key muscle-specific markers such as skeletal myosin and desmin,
with these cells maintaining viability in vitro for up to two months. Furthermore, the study
generated muscle fibres expressing the tdTomato reporter gene and the optogenetic tool
ChR2. The latter enabled muscle contractions in response to blue light, demonstrating the
successful functional integration of the introduced gene. Myofibres expressing tdTomato
exhibited a strong red fluorescence under the microscope, which remained stable during
immunostaining, eliminating the need for an anti-tdTomato antibody. ChR2-expressing
myofibres, as shown in the video, strongly contracted upon blue light stimulation.
Additionally, the study explored the use of an AAV as an alternative way to transduce the
ChR2 gene into wild-type ES cell-derived myoblasts, successfully resulting in muscle
fibres that could also be optically stimulated. We found that all the muscle fibres produced
in vitro were fast-twitch fibres, as indicated by the exclusive expression of fast skeletal
myosin in the absence of slow myosin expression. The developmental characterization of
the ES cell-derived myotubes revealed the temporal expression patterns of key myogenic
markers, including Pax7, MyoD, and myogenin, plus muscle markers desmin and myosin
indicated a well-organized progression of myogenesis, from quiescent satellite cells to
differentiated myotubes. This comprehensive set of results underscores our success in
generating ES cell-derived muscle cultures that are both functionally active and suitable

for potential therapeutic applications.

In a study by C. Xu et al. (2013), researchers utilized a zebrafish embryo culture system
to screen 2,400 chemicals for their impact on myogenesis. They identified six compounds

that significantly enhanced muscle development, with forskolin being notably effective in
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promoting this process. The study further demonstrated that forskolin enhances the
proliferation and differentiation of mouse satellite cells in vitro. Forskolin is an adenylyl
cyclase (cAMP) activator, and it is shown that enhancing cAMP signaling with an
activated version of cAMP response element binding protein (CREB) leads to increased
proliferation of primary myoblasts in vitro (Stewart et al., 2011). The researchers also
showed that hiPSC-derived muscle progenitors treated with a chemical cocktail, including
forskolin, bFGF, and BIO, could induce myogenesis. These cells were able to engraft and
contribute to muscle regeneration in immune-compromised NSG mice, as evidenced by
the expression of the human 6-Sarcoglycan protein. In our study, we also employed the
same triple-component cocktail used by C. Xu et al. (2013) to differentiate mouse ES cells
into skeletal muscle fibres. Remarkably, all three mouse ES cell lines successfully
differentiated into multinucleated skeletal muscle fibres. Notably, our cultures exhibited a
faster maturation rate compared to the C. Xu et al. (2013) study. While we observed mature
skeletal fibres covering the whole culture plate surface and expressing desmin and skeletal
myosin as early as day 13, Xu et al. reported that myosin expression starts at day 36.
Furthermore, our cultures showed the presence of both myosin and myogenin, key late
myogenic markers, starting on day 5. This suggests that our modified protocol is highly

effective for differentiating mouse ES cells, achieving a much faster maturation timeline.

The fundamental unit of adult skeletal muscle is the myofibre, a highly specialized
syncytium designed to generate force through contraction. Myofibres are maintained by
numerous post-mitotic myonuclei and are effectively repaired and regenerated by satellite
cells (Mauro, 1961; Zammit, Partridge, et al., 2006). The formation of new myofibres

primarily relies on satellite cells, which provide new myonuclei (Moss & Leblond, 1971)
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before entering a quiescent state in fully matured muscle (Schultz et al., 1978). Despite
this dormancy, satellite cells can still proliferate and differentiate when necessary, whether
for routine myonuclear turnover or in response to the less frequent demands of myofibre
hypertrophy and muscle repair (Bischoff, 1986; Schmalbruch & Lewis, 2000; M. Snow,
1978; M. H. Snow, 1977). All satellite cells uniformly express the Pax7, which is essential
for their maintenance and the regeneration of skeletal muscle during the quiescent state,
(Lepper et al., 2009; Seale et al., 2000; Von Maltzahn et al., 2013). Pax7 is crucial for
myogenesis and satellite cell function. The deletion of Pax7 in primary myoblasts and
satellite cells results in growth arrest and a decrease in the expression of MRFs (Kawabe
et al., 2012; McKinnell et al., 2008). The limited regeneration observed in adult muscle
lacking Pax7 is likely due to the premature differentiation of committed satellite cells
without their usual proliferation. Furthermore, without Pax7, satellite cells lose their
ability to self-renew, ultimately leading to their depletion through terminal differentiation
(Von Maltzahn et al., 2014). Our results showed that differentiated mouse ES cells highly
express Pax7, a marker for skeletal muscle differentiation, from day 1 after differentiation.
Upon activation, satellite cells express another transcription factor, MyoD, from the MRF
group, which is crucial for myogenic differentiation. The co-expression of Pax7 and MyoD
indicates activated satellite cells (Olguin & Olwin, 2004; Schmidt et al., 2019; Zammit,
Partridge, et al., 2006). At this stage, many activated satellite cells proceed to proliferate,
reduce Pax7 expression, and begin differentiation. In contrast, another group of
proliferating cells continues to express Pax7 while losing MyoD expression, subsequently
exiting the cell cycle and halting immediate myogenic differentiation, reverting to a
quiescent state to preserve the satellite cell pool (Day et al., 2009; Nagata et al., 2006;

Zammit et al., 2004). On day 5, we observed the highest rate of myogenic cells co-
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expressing Pax7 and MyoD, and these cells were still present on days 10 and 15, indicating
that satellite cells retain the potential to become activated and follow either of fates. As
myogenesis progresses, myogenin, another MRF family member, co-expresses with
MyoD after Pax7 is downregulated. Myogenin mediates terminal differentiation, a process
accompanied by the downregulation of MyoD expression (Hernandez-Hernandez et al.,
2017; Schmidt et al., 2019; Von Maltzahn et al., 2014). Interestingly, myogenin-null mice
cannot survive and die at birth due to severe muscle defects (Comai & Tajbakhsh, 2014;
Hasty et al., 1993; Nabeshlma et al., 1993; Venuti et al., 1995). While MyoD-null mutants
can survive, a significant number do not make it past birth, with survival rates varying
depending on the genetic background of the mice (Comai & Tajbakhsh, 2014; Zammit,
2017). In our results, we observed that cells co-expressing MyoD and myogenin were most
abundant on days 10 and 15, and myogenin-only expressing cells, representing mature
myofibres, were at their highest level on day 15. This indicates that skeletal muscles are
mostly mature by these days, although some cells are still in the initial and myogenic

phases.

Skeletal muscle is defined by its distinct fibres’ architecture, where the precise
arrangement of muscle fibres is crucial for enabling a broad range of functional
capabilities. The presence of different fibre types contributes to the heterogeneous nature
of the tissue. Muscle fibres can be categorized based on their structural and functional
properties (Pette & Staron, 1990). According to MHC isoforms, muscle fibres fall into two
main groups: slow-twitch (Type I) and fast-twitch (Type II) fibres. Fast-twitch fibres are
further subdivided into three subgroups: Type II A, II X (sometimes referred to as 1ID),

and II B (Pette & Staron, 2000). However, in human muscles, Type IIB fast-twitch fibres
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are absent (Talbot & Mavez, 2016). Slow fibres are red, fatigue-resistant fibres with high
oxidative and low glycolytic capacity. Among the fast-twitch fibres, Type IIA fibres
exhibit high myosin ATPase activity, along with both high oxidative and glycolytic
capacities, making them relatively fatigue-resistant. Type IIB fibres also have high myosin
ATPase activity but low oxidative and high glycolytic capacity, leading to rapid fatigue
(Herbison et al., 1982). Type IIX fibres are intermediate, contracting faster than Type ITA
but slower than Type IIB, and primarily rely on glycolytic capacity (Talbot & Mavez,
2016). Most muscle fibres contain a single type of myosin isoform and are therefore
classified as pure fibres. However, some fibres contain two different myosin isoforms,
such as Type [ and Type IIA, Type IIA and IIX, or I[IX and IIB. These are known as hybrid
fibres (Augusto et al., 2004; Pette & Staron, 2000). During embryogenesis, the first
postmitotic skeletal muscle cells express two types of MHCs: slow Type I and embryonic
myosin. Later in fetal development, fast myosins begin to be expressed, but in adult muscle

fibres, either type (slow or fast) can be expressed (Chal & Pourquié, 2017).

Interestingly, our ES cell differentiated myofibres all exhibited fast-twitch characteristics,
expressing only fast myosin. Feldman & Stockdale (1991) conducted an in vitro study of
satellite cells isolated from two types of bird muscles—the pectoralis major (PM, a fast-
twitch muscle) and the anterior latissimus dorsi (ALD, a slow-twitch muscle)—to
determine whether they would produce fast, slow, or hybrid muscle fibres when cultured
without nerve input or specific external signals. They observed that satellite cells from the
PM produced only fast-twitch fibres, while those from the ALD produced up to 25%
hybrid fibres (expressing both fast and slow MHC isoforms), with the remaining fibres

being fast-twitch. This suggests that the culture environment may influence muscle cells
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to express fast myosin types. We did not distinguish the subtypes of these fast-twitch

myofibres, which could be investigated in future studies.

Muscle fibres are highly adaptable and can modify their characteristics in response to
various conditions, such as changes in neuromuscular activity, mechanical stress,
hormonal fluctuations (particularly thyroid hormones), and aging. These adaptations often
involve shifts in MHC isoform expression, typically following a pattern of reversible
transitions between fast-twitch and slow-twitch phenotypes depending on the stimuli
(Pette & Staron, 2000). This suggests that these cells might convert slow fibres in response
to increased activity or co-culturing with motoneurons which should be investigated in

future studies.

In conclusion, this study establishes a reliable, modified method for differentiating ES
cells into functional skeletal muscle fibres capable of expressing external genes and
responding to optical stimuli. The findings pave the way for future research into the
therapeutic potential of these cells, particularly in muscle regeneration and optogenetic
control of muscle activity. However, further research is needed to optimize culture
conditions to produce a more diverse range of muscle fibre types and fully explore the

therapeutic potential of these ES cell-derived muscle fibres in vivo.
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2.6 Figures

Figure 2.1 Mouse ES cell differentiation into myoblasts/myotubes produce functional
muscle fibres in vitro. A) Schematic illustration of the skeletal muscle differentiation
protocol. B) Myoblasts/myotubes cultures, after dissociation, immunostained for desmin
(red) and skeletal myosin (green), show differentiated myofibres 1, 4, 8, 14, 26 and 36
days in vitro. Scale bar =100 um C) A high-resolution image shows skeletal myosin
expression in ES cell-derived myofibres after 36 days in vitro. Scale bar =20 um
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Figure 2.2. Generation of tdTomato and ChR2 expressing myotubes from mouse ES Cells.
ES cell-derived myoblast/ myotube culture, expressing tdTomato (red) and
immunostained for skeletal myosin (green) and Hoechst (purple). Scale bar =100 um
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Figure 2.3. Introduction of AAV-PHP.eB-CAG-ChR2-EYFP into ES cell-derived
myotubes. ES cell-derived myotube culture expressing EYFP, the fused fluorescent
reporter of ChR2, through transduction with AAV-PHP.eB-CAG-ChR2-EYFP vectors.
Scale bar =100 um
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Figure 2.4. ES derived myotubes are fast-twitch fibres. ES cell derived myotube culture,
immunostained for fast (red) and slow (green) myosin shows that in vitro cultured fibres
are fast-twitch fibres. Scale bar =100 um
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Figure 2.5. Developmental analysis of ES cell-derived myoblasts/ myotubes. A) Schematic
illustration of the timeline of the developmental analysis B) ES cell-derived myoblasts/
myotubes cultures immunostained for desmin (red) and skeletal myosin on days 1, 3, 5,
10, 13, and 15 after differentiation. Scale bar=100 pm C) Mean (+ SD) percentage of the
culture area covered by desmin and skeletal myosin expressing myoblasts/myotubes. (*P=
0.0019 day 1, *P = 0.0000 day 3 and *P = 0.0015 day 5 after differentiation; multiple
unpaired t-test). D) ES cell-derived myoblasts/ myotubes cultures immunostained for Pax7
(green), Myo D (red), Hoechst (gray) and Myogenin (green) on days 1 and 15 after
differentiation. Scale bar=50 um E) Mean (£ SD) percentage of the total cell numbers in
the myoblasts/ myotubes culture expressing pax7, Pax7/ MyoD, MyoD/ myogenin and
myogenin on days 1, 5, 10 and 15 after differentiation. Day 1 (*** P =0.0002), day 5 (**
P = 0.0089), day 10 (****P<0.0001, ***P= 0.0001 and *P= 0.0451 Pax7/ MyoD vs
MyoD/ myogenin and *P= 0.0266 Pax7/ MyoD vs myogenin) and day 15 (**P=0.0042,
*P=0.0443 Pax7/ MyoD vs MyoD/ myogenin and *P= 0.0184 Pax7/ MyoD vs myogenin;
multiple comparisons ANOVA test)
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Chapter 3: Anatomy and Function of Grafted Embryonic Stem Cell-
Derived Myoblasts into the Irradiated/ Notexin Injected Muscles

3.1 Abstract

SClIs, PNIs, and motoneuron diseases such as Amyotrophic Lateral Sclerosis (ALS) cause
permanent paralysis when the affected skeletal muscles are completely and permanently
denervated due to motoneuron death or muscle atrophy. Even with advances in
neuroprosthetics, achieving functional movement of completely denervated muscles
remains extremely difficult because non-innervated muscles cannot be activated via
electrical stimulation. To address this issue, previous work in our lab demonstrated that
muscle function could be activated through blue light stimulation rather than neural
stimulation in transgenic mice expressing ChR2. In this study, we explored innovative
strategies to express genes in skeletal muscles without relying on transgenic technology,
aiming to restore muscle function using optogenetic techniques. For this purpose, shank
muscles in adult mice were subjected to a high dose of gamma irradiation followed by
notexin injection into the soleus muscle. This procedure kills all the soleus muscle fibres
and resident satellite cells. Later, the injured muscles were injected with mouse ES cell-
derived myoblasts expressing a gene of our choice. Our results showed that transplanted
tdTomato-expressing myoblasts, used as an indicator for cell engraftment, survived the
transplant procedure, fused to form multinucleated muscle fibres, and restored muscle
mass and whole muscle CSA. Interestingly, the transplanted soleus muscles contained
significantly more muscle fibres compared to non-operated muscles, but the fibre size was
significantly smaller than normal. Degenerating muscles transplanted with ChR2-EYFP
expressing ES cell-derived myoblasts were also completely repopulated with exogenous
muscle fibres. As a result, optical stimulation of the transplanted muscles produced the
same contractile forces as direct neural stimulation, and the force could be controlled by
varying light intensity and duration. Additionally, transplanting ES cell-derived myoblasts
transduced with AAV-PHP.eB-CAG-ChR2-EYFP facilitated muscle contraction in
response to blue light. Overall, this study demonstrates that regenerated muscles in vivo
through ChR2-expressing ES cell-derived myoblast engraftment could produce optical
force and restore muscle function without the need for nerve stimulation.
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3.2 Introduction

SCIs and PNIs are serious medical issues causing functional disabilities. These injuries
disrupt the neural pathways essential for motor control, leading to muscle atrophy and loss
of function (Redondo-Castro & Navarro, 2013; Weng et al., 2018). SCI is particularly
debilitating, causing the loss of central control over peripheral nerves below the injury site
and profound sensory, motor, and autonomic dysfunction (Gorgey & Dudley, 2007; X. Xu
et al.,, 2023). This frequently manifests as permanent muscle paralysis and severe
immobilization due to the apoptosis of some motoneurons, subsequent skeletal muscle
denervation, extensive atrophy, and fibrous tissue formation (X. Xu et al., 2023). Motor
axons in PNIs, unlike the ones in the CNS, can regenerate following proximal nerve
injuries such as BPIs (Fu & Gordon, 1997; Gaudet et al., 2011; T. Gordon, 2020; T.
Gordon & Borschel, 2017; Lieberman, 1971). However, the slow axon regeneration rate
(approximately 1 mm per day in humans) means that it takes more than a year for the
regenerating nerves to reach the target muscles. By that time, the muscles will mostly be
atrophied and replaced by fat. This prolonged denervation has a destructive, irreversible

effect on the muscles, reducing functional recovery by up to 90% (Fu & Gordon, 1995).

In both scenarios, paralysis and loss of function dramatically limit mobility and essential
movements in patients. While the ultimate goal for treating paralysis is a complete cure,
achieving partial improvements may be a more practical approach to immediately
enhancing the quality of life (Anderson, 2004; Collinger et al., 2013). Surveys indicate
that regaining hand movement and grasping function is the highest priority for

quadriplegic patients. Thus, finding ways to restore meaningful function to muscle groups,
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like those controlling hand movement, can greatly enhance the life quality and offer a

degree of independence in these patients (Anderson, 2004).

Previous strategies aimed at restoring hand muscle functionality, such as neuroprosthetics
that combine orthoses (non-surgical, wearable devices) with electrical stimulation to
activate peripheral nerves innervating paralyzed muscles, have not been very successful.
These devices rely on the stimulation of peripheral nerves that still innervate the paralyzed
muscles (Prochazka et al., 2001). However, in SCI and PNIs, muscles are often
permanently denervated, leaving no nerves available for stimulation (C. K. Thomas et al.,
1997). Another promising strategy is transplanting MNs, which can restore some motor
function by reinnervating the muscles (Yohn et al., 2008). It has been shown that
transplanting MNs expressing ChR2 after reinnervation can produce some contractile
force (Bryson et al., 2014). But again, this approach is not helpful when the muscle is
atrophied due to late reinnervation, and axons need healthy muscle fibres to form NMJs

(Fu & Gordon, 1995).

A possible strategy to restore meaningful function to completely and permanently
denervated muscles is to replace the endogenous muscle fibres with those that can be
optically activated through ChR2 expression. In previous studies in our lab, it was shown
that transgenic expression of ChR2 directly into skeletal muscle fibres enables functional
muscle contraction in response to blue light illumination and chronic activation of

denervated muscles, reduces muscle atrophy (Magown et al., 2015).

Here, we developed novel approach to express genes in denervated skeletal muscles

without relying on transgenic technology. In this study, the soleus muscles in mice were
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irradiated to prevent native fibre regeneration after injury and subsequently destroyed via
injection of notexin, a venom from the Australian tiger snake, or destroyed through notexin
injection alone, before injecting ES cell-derived muscle fibres (i.e., satellite cells) into the
remnants of the soleus muscles in vivo. Initially, transplanting tdTomato-expressing
myoblasts into the injured muscles served as an indicator of cell engraftment and muscle
regeneration with exogenous myoblasts. This revealed the formation of muscle fibres from
ES cell-derived myoblasts in the irradiated/notexin-injected muscles, while only a few
transplanted cells survived in the non-irradiated/notexin-injected muscles, as the native
satellite cells regenerated muscle fibres, and there was no fusion between the transplanted
and endogenous fibres. Interestingly, the muscles transplanted with tdTomato-expressing
myoblasts exhibited elongated yet smaller muscle fibre size, but a larger muscle mass

compared to the control muscles in the contralateral leg.

The ultimate goal of this study was to replace endogenous muscle fibres with exogenous
muscle fibres expressing ChR2. Transplanting ChR2-expressing ES cell-derived
myoblasts into the degenerating muscles successfully repopulated the muscle with
exogenous fibres. As a result, optical stimulation of the transplanted muscles produced the
same contractile forces as direct neural stimulation. Finally, we examined transplanting
ES cell-derived myoblasts transduced with AAV-PHP.eB-CAG-ChR2-EYFP into the
degenerating muscle, which led to muscle contraction upon optical stimulation, though
producing lower force compared to nerve stimulation. Overall, this study presents a novel

promising method to activate denervated muscles without the need to stimulate the nerves.
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3.3 Materials and Methods

3.3.1 Mice

In this study, male and female C57BL/6J mice, weighing between 25 and 30 grams and
sourced from Charles River Laboratories, were utilized. These mice were accommodated
at the Carleton animal care facility within Dalhousie University, where they were
maintained under a controlled environment featuring a 12-hour light/12-hour dark cycle

having unlimited access to food and drink.

3.3.2 Gamma Radiation

Animals underwent anesthesia through an intraperitoneal injection consisting of Ketamine
(117 mg/kg) and Xylazine (13 mg/kg). Then animals were carefully positioned within a
lead shield that was specifically designed with a small opening. This opening allowed only
one leg to extend outside the container, ensuring that the rest of the animal's body was
fully protected and immobilized. Then the exposed leg was securely fastened with tape to

prevent any movement during the procedure.

This setup was subsequently placed in the Gamma Cell 3000 Elan cesium-137 irradiator.
The animals were then subjected to a single dose of 18 Gy, meticulously administered to
the exposed shank. At the end of the session, 0.4 ml of injectable 0.9% Sodium Chloride
was subcutaneously injected into the animals to prevent dehydration. The mice cages were
placed on a heating pad to minimize pain, and clear H,O hydrogel was provided as an

additional source of hydration
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3.3.3 Myoblasts Preparation for the Transplantation

The muscle media (DMEM supplemented with 10% horse serum and 1% Penicillin-
Streptomycin solution) for 15-day-old ES cell-derived myoblast cultures were removed.
After a 10-minute wash with EDTA (Gibco), 2X Trypsin EDTA and 10X DNase were
added, and the cells were triturated. The cell suspensions were then centrifuged, and the

resulting cell pellets were resuspended in 1X DNase and kept on ice for transplantation.

3.3.4 Surgeries
All surgeries were conducted in aseptic condition in compliance with the guidelines
approved by the Dalhousie University Animal Care Committee, aligning with the

principles set forth by the Canadian Council on Animal Care.

The day after leg irradiation mice underwent anesthesia using a mix of isoflurane and
oxygen. A precise incision was made on the posterior aspect of the lower hindlimb to
access the soleus muscle in mice. The gastrocnemius muscle was carefully retracted to
expose the soleus muscle, into which 3l of notexin (Notechis scutatus scutatus, Sigma)
with a concentration of 1.5pg/ pl was injected at various points along the muscle.
Subsequently, the area surrounding the soleus muscle was gently cleansed using a 0.9%
Sodium Chloride injection solution, ensuring that any excess fluids were absorbed with

cotton-tipped applicators. The incision was then sutured closed to facilitate proper healing.

For the cell transplantation process, the sutures from the previously made incision were
carefully removed two days after the notexin injection injury. Following this, the
gastrocnemius muscle was retracted again, and 5 pl of myoblast suspension, with a

concentration of 1x10° cells/ul, was administered at multiple sites along the injured soleus
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Immediately after each surgery and the following day, 5 mg/kg of Meloxicam to minimize
pain and inflammation, and 0.4 ml of injectable 0.9% Sodium Chloride to prevent the
animal’s dehydration, were injected. Also, to support cell transplantation and minimize
the risk of rejection, the mice were administered a daily dose of cyclosporine
(NOVARTIS) at a dosage of 10 mg/kg. This subcutaneous injection began one day before

the cell implantation and continued daily until the end of the experiment.

3.3.5 Exvivo Soleus Muscle Isometric Tension

Initially, a mixture of isoflurane and oxygen was used to anesthetize the mice. The soleus
muscle, along with its innervating nerve, was promptly dissected and transferred into a
recording chamber coated with Sylgard (Dow Corning), continuously supplied with
oxygenated Tyrode’s solution. This solution consisted of 125 mM NaCl, 24 mM NaHCOs,
5.37 mM KCIl, 1 mM MgCl,, 1.8 mM CaCl,, and 27.75 mM dextrose. The muscle's
proximal tendon was securely fixed, and a thin thread was knotted to the muscle's distal

tendon and hooked to a force transducer (FT 03; Grass Technologies).

A glass suction electrode with a fine tip was used to apply electrical current to the muscle’s
innervated nerve. This current was generated using an S88 stimulator (Grass
Technologies), which was electrically isolated from the ground using a stimulus isolation
unit (PSIU6; Grass Technologies). The length of the muscle was adjusted to achieve
maximum isometric contraction. Neural twitch forces were recorded for 2.5 ms using a
Digidata 1322 A analog-to-digital board and AxoScope version 10.2 software (Molecular

Devices).
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Optical stimulation was executed using a blue (470 nm) Rebel Star O Drop-in LED by
Luxeon Star (Quadica Development Inc.), positioned immediately above the muscle. The
LED's current and voltage were regulated by a variable DC power supply (Micronta),
which was linked to a solid-state relay and activated by the S88 stimulator. Optical twitch

forces were recorded in varying durations of 1 ms to 500 ms.

3.3.6 Intracellular Electrophysiology of Myofibres

After isometric tension measurement, muscles were pre-incubated for 60 minutes in an
oxygenated Tyrode solution containing SuM p-conotoxin (WCTX) GIIIB (Alomone Labs,
Jerusalem, Israel) to inhibit muscle spontaneous contractions. Muscles were then
transferred to a Sylgard-coated recording chamber, pinned and perfused with pCTX-free

oxygenated Tyrode solution for the duration of the recording.

Optical stimulation was achieved with blue, fluorescent light from Zeiss Examiner D.1
microscope triggered through a Grass S88 stimulator and controlled with SlideBook6
software. Muscle fibres were stimulated by blue light for varying durations of 1 to 1000
ms with the natural density filter set to 75, and to varying intensity by applying natural
density filters from 1 to 250 for a set, 50 ms duration. Responses to light stimulation were
monitored by MultiClap 700B amplifier, digitized with Digidata 1440A, and processed
with Clapex 10.3 (Molecular Devices) software. Collected data were analyzed with the

MiniAnalysis (SynaptoSoft, Decatur, GA) program.

3.3.7 Muscle Inmunohistochemistry and Histology
After measuring the muscles mass, they were affixed at their physiological length in

cryomolds using insect pins. Before sectioning, the muscles were subjected to imaging
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under the microscope to check for red or green fluorescence. The muscles were then
submerged in a mixture of 20% sucrose (Fisher Chemical)/ phosphate buffered saline
(PBS) and tissue freezing medium O.C.T. Compound (Tissue Tek) in a 1:2 ratio.
Following this preparation, the muscles were rapidly frozen in a 2-methylbutane (Sigma-
Aldrich) bath that had been cooled with liquid nitrogen. The frozen muscles were then

preserved at -80 °C for at least 24 hours before sectioning.

For cross-sectioning, the muscles were sliced using a cryostat (Leica) to a thickness of 20
um and then mounted onto microscope slides. The slides were subsequently fixed with 4%
PFA for 15-20 minutes, followed by three rinses with PBS. The sections were incubated
with antibodies in 1% BSA (VWR) in PBS plus 0.5% PBS-Triton solution. Overnight, the
sections were incubated with Wheat Germ Agglutinin (WGA) conjugated to Alexa Fluor
488 antibody (1:1000, Thermo Fisher Scientific) at room temperature. After three washes
with PBS, 0.1 pg/ml Hoechst 33342 (Sigma-Aldrich) in PBS to stain nuclei was
administered to the slides for 10 minutes and washed once more with PBS. Finally, to
preserve the tissue and prevent fading, slides were mounted using a mounting solution

containing 50% glycerol/ PBS and 0.03 mg/ ml p-Phenylenediamine.

For muscle teasing, the muscles were pinned at their physiological length and fixed in 4%
PFA for 20 minutes. The samples were then rinsed three times in PBS and permeabilized
with methanol at -20 °C for 6 minutes. Following another three washes with PBS, the
muscles were firmly affixed with insect pins in a Sylgard-coated dish submerged in PBS
for examination under a dissecting microscope. One tendon was detached to allow the

muscle fibres to be delicately teased into individual fibres using forceps.
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The tissues were not stained for tdTomato, and the red fluorescence observed in the images

is due to the natural fluorescence of tdTomato-expressing muscles.

For the Hematoxylin and Eosin (H & E) staining of the muscle cross-section slides, the
process began with fixation using 4% PFA for 15 minutes. Following this, the slides were
dipped into a Xylene bath four times to clear the tissue. Next, they were sequentially
immersed in three baths of 100% ethanol, followed by three baths of 95% ethanol, and
once in 70% ethanol to dehydrate the tissue. After dehydration, the slides were rinsed with
running water and then inserted into Harris Hematoxylin stain for 2 minutes to stain the
nuclei. Another wash with running water followed, after which the slides were dipped into
Scott’s H>O solution, rinsed again, quickly dipped into 0.2% nitric acid, and immediately
rinsed once more. Before staining with Eosin Y, the slides underwent another dip in Scott’s
H>0 and a water rinse. The slides were then dipped quickly 20 times into the Eosin Y stain
bath to stain the cytoplasm. This was followed by sequential dipping twice in 70% ethanol,
twice in 95% ethanol, and twice in 100% ethanol for dehydration. Finally, the slides were
dipped four times in Xylene to clear the tissue, then left to dry under a fume hood before

being mounted.

3.3.8 Imaging

For imaging purposes, either an upright microscope (Leica Instruments) equipped with
Zen-Blue software (Zeiss) or a laser scanning confocal microscope (Zeiss LSM 880) using
Zen-Black software (Zeiss) was utilized. The Z stacks acquired by the confocal

microscope were processed into the final images using Fiji (ImagelJ) software.
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3.3.9 Myofibre Number Quantification

Using the Zen-Blue software, the CSAs of the entire muscle and individual myofibres
stained with WGA and Hoechst were measured. For each examined muscle, at least 10
CSAs of the whole muscle and 50 CSAs of individual myofibres were assessed. To
quantify the number of myofibres in each muscle, the ratio of the average whole muscle

CSA to the average muscle fibre CSA was calculated.

3.3.10 Statistical Analysis

Statistical analysis and graph creation were performed using GraphPad Prism (Prism 10)
software. All results were presented as the mean + standard deviation and were considered
statistically significant at P < 0.05. T-tests were conducted for comparisons between two

groups, while ANOVA tests were used to compare means across more than two groups.

3.4 Results

3.4.1 Lack of Fusion between tdTomato-Expressing ES Cell-Derived Myoblasts
and Endogenous Myoblasts in vivo
To investigate if transplanted tdTomato-expressing myoblasts are capable of fusing with
endogenous myoblasts to form a chimeric regenerated muscle, notexin was first injected
into the host muscle. This venom degrades muscle fibres and induces a necrotic response
in the muscle without damaging muscle satellite cells, so triggers and facilitates rapid
muscle regeneration (Dux et al., 1993; Huard et al., 1994; Vilquin et al., 1995). Two days
after the injury, ES derived myoblasts were injected into the damaged muscle (n=4). One
month following the injury and myoblast transplantation, the muscles had completely

regenerated and appeared healthy, as shown in (Fig 3.1A). These regenerated muscles
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showed no difference in size post-regeneration compared to unoperated control muscles.
There were no significant differences in wet muscle weight (15.05 + 3.3 mg for unoperated
vs. 18.18 = 3.0 mg for notexin/transplanted), the ratio of wet muscle weight to body weight
(0.46 £ 0.09 for unoperated vs. 0.56 £ 0.06 for notexin/transplanted), or muscle CSA (1.58
+ 0.06 mm? for unoperated vs. 1.68 £ 0.09 mm? for notexin/transplanted) (P=0.2199,
P=0.1493, and P=0.0546, respectively) (Fig. 3.1B-D). Fluorescent microscopy of the
muscle before being subjected to the cross sectioning, revealed no red fluorescence,
indicating an absence of tdTomato expression (Fig 3.1E). Examination of the muscle CSA
showed that the muscle fibres were indeed regenerated, as evidenced by the presence of
central nuclei (visualized in blue using Hoechst staining)—a hallmark of muscle
regeneration known for over 50 years (Fig 3.1F). In studies using animal models with
induced injuries like toxin injections, researchers observed patterns of centrally located
nuclei within fibres of small diameter, reminiscent of embryonic stages. This observation
supports the notion that muscle fibre regeneration mirrors the original development
process of fibres, with nuclei eventually migrating towards the periphery of the fibre
during the regeneration phase and fibre maturation (Meyer, 2018). However, no red fibres
were detected in the regenerated muscle cross-sections, and only a small number of single
red cells with nuclei located between endogenous muscle fibres were identified, which
might represent single transplanted myoblasts that survived without fusing into the host
muscle myoblasts (Arrows) (Fig 3.1F). There was no significant difference in muscle fibre
CSA between unoperated and non-fluorescent regenerated fibres (2237 + 699 um? and
2339+ 1101 um?, respectively; P=0.6827), nor in the total number of muscle fibres (663.6
+ 145 vs. 785.1 + 170, respectively; P=0.4245). However, the red single cells exhibited a

12-times smaller fibre CSA (184.1 + 85 um?, P <0.0001) and a significantly lower number
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(Average =20.3 + 5.7 cells per CSA, P <0.0001) compared to non-fluorescent control and
regenerated fibres (Fig 3.1G, H). All these data suggest that in vitro cultured myoblasts
were generally unable to engraft and fuse with the endogenous myoblasts during
regeneration, so mostly die off, with a few surviving as single muscle cells rather than

fusing and forming hybrid myofibres.

3.4.2 Gamma Radiation and Subsequent Notexin Injection Impede Muscle Fibre
Regeneration by Destroying Endogenous Satellite Cells

To address the issue of endogenous satellite cells’ activation suppressing the growth of

transplanted cells in the host muscle, we opted to inactivate the native satellite cells by

irradiating the mouse leg. Previous studies have shown that inhibiting the proliferation of

endogenous myogenic cells can enhance the engraftment of exogenous muscle cells into

pre-injured muscle (Huard et al., 1994; Vilquin et al., 1995; Wernig et al., 2000).

In our experiment, one leg of each mouse was exposed to 18 Gy of gamma radiation,
followed 24 hours later by an injection of notexin (n=4). 30 days after the radiation and
notexin-induced injury, the extracted muscle appeared markedly thinner and paler
compared to the unoperated control muscle from the contralateral leg, with no signs of
regeneration observed (Fig 3.2A). H&E staining of muscle cross-sections revealed the
absence of muscle fibres in the irradiated and notexin-injected muscle, with only
mononuclear cells present, likely phagocytes and muscle-derived cells as suggested by
Dux et al. (1993) (Fig 3.2B). As anticipated, the irradiated-notexin-injected soleus muscles
showed significant weight loss compared to the unoperated soleus muscles one-month
post-injury. Specifically, wet muscle weight was reduced (unoperated: 12.5 £ 1.7 mg vs.

irradiated-notexin-injected: 7.05 + 2.2 mg; P=0.0090), as was the muscle weight-to-body
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weight ratio (unoperated: 0.61+ 0.11 vs. irradiated-notexin-injected: 0.34 + 0.11;
P=0.0157) (Fig. 3.2C, D). These results suggest that irradiation prior to notexin-induced
injury can effectively suppress the activation and proliferation of original satellite cells

and muscle regeneration post-injury.

3.4.3 Engraftment and Muscle Fibre Formation of tdTomato-Expressing ES Cell-
Derived Myoblasts in Irradiated/Notexin-Injected Muscles
To investigate whether inhibiting endogenous myogenesis could enhance the engraftment
of transplanted myoblasts into injured muscle, 5x10° tdTomato-expressing myoblasts were
injected into the damaged soleus muscle 48 hours following notexin injection (n=7). One-
month post-transplantation, the soleus muscles were extracted and assessed. The operated
muscles appeared regenerated and healthy and were notably larger in size compared to the
unoperated muscles (Fig 3.3A). Fluorescent microscopy revealed extensive red
fluorescence in these regenerated muscles, indicating successful regeneration with
tdTomato-expressing myoblasts (Fig 3.3B). Detailed examination of one of these muscles,
which was teased apart, showed tangled and individual tdTomato-expressing muscle fibres
from a transplanted soleus muscle (Fig 3.3C, D). The transplanted muscles demonstrated
a statistically significant increase in wet weight (unoperated: 15.22 + 3.2 mg vs.
transplanted: 24.4 + 5.9 mg; P=0.0221), as well as an increase in muscle weight relative
to body weight (unoperated: 0.46 + 0.06 vs. transplanted: 0.99 £+ 0.2; P=0.0442).
Additionally, the transplanted muscles exhibited a considerably larger muscle CSA only
covered by red cells (unoperated: 1.53 = 0.09 mm? vs. transplanted: 1.765 + 0.19 mm?; P=
0.0207). These findings underscore a robust enhancement in both the mass and structural

dimensions of the transplanted soleus muscles following transplantation (Fig 3.3E-G).
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Collectively, these results demonstrate the successful in vivo engraftment of ES-cell-

derived myoblasts into the mouse soleus muscle after irradiation and notexin injection.

3.44 tdTomato Expressing Myoblasts Increase Muscle Mass with Red Fluorescent
Fibres Smaller in Size but Higher in Number Compared to the Unoperated
Muscle Fibres

Cross sections of the regenerated muscles displayed a predominance of red fluorescent

fibres throughout most of the transplanted soleus muscle, while no red fibres were

observed in the cross sections of the unoperated muscles (n=3) (Fig 3.4A). The average

CSA of the transplanted muscles, predominantly consisting of tdTomato-expressing red

fibres, covered 78.6% + 13.6 of the total muscle CSA (Fig 3.4B). A notable observation

was made when comparing the sizes of muscle fibres between the transplanted and
unoperated muscles; there was a substantial difference in fibre sizes. Specifically, the CSA
of tdTomato-expressing fibres was 4.6 times smaller than the unoperated muscle fibres

(unoperated: 2237 £ 699 um? vs. transplanted: 480.4 =259 um?; P<0.0001) (Fig 3.4C, D).

The distribution of muscle area sizes is detailed in Figure 3.4E. On the other hand, the

number of red fluorescent fibres in the CSA of the transplanted muscles was 5.5 times

higher than in the unoperated muscles (unoperated: 663.6 = 145 vs. transplanted: 3676 +

637; P<0.0001) (Fig 3.4F). Overall, these results indicate that although the red muscle

fibres are significantly smaller in size than those in the unoperated muscles, there is a

higher number of these fibres present within the transplanted muscles, which contributes

to an increased overall muscle mass in the regenerated tissues.
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3.4.5 Engraftment of ChR2-EYFP Expressing Myoblasts into Irradiated and
Notexin-Injected Soleus Muscles
Following the successful transplantation of tdTomato-expressing myoblasts into
irradiated/notexin-injected soleus muscles, which resulted in muscle regeneration with
exogenous cells, we investigated the transplantation of ChR2-EYFP expressing myoblasts
with the aim of creating light-activated muscles (n=6). The muscles were extracted
between one- and two-months post-cell injection. The transplanted muscles appeared
regenerated and displayed similar weight and colour compared to unoperated muscles (Fig
3.5A). Fluorescent microscopy revealed the presence of ChR2-EYFP expressing fibres,
indicated by green fluorescence in the transplanted muscles (Fig 3.5B). Interestingly,
unlike the tdTomato-expressing muscles, there was no significant difference in wet muscle
weight between transplanted and unoperated muscles (unoperated: 16.25 + 1.8 mg vs.
transplanted: 15.20 = 4.9 mg; P=0.6506). Similarly, the muscle weight-to-body weight
ratio showed no significant difference (unoperated: 0.43 + 0.05 vs. transplanted: 0.39 +
0.1; P=0.5052) (Fig 3.5C, D). This discrepancy might be attributed to the difference in the
cell lines and qualities of the ES-cell-derived myoblasts expressing tdTomato and ChR2-
EYFP. These results demonstrate that ChR2-EYFP-expressing myoblasts, similarly to
tdTomato-expressing cells, are capable of regenerating the irradiated/notexin-injected

muscles, thereby imparting new exogenous characteristics to them.

3.4.6 Contractile Responses in ChR2- EYFP Expressing Muscle Fibres: Effects of
Optical Stimulation Intensity and Duration
ChR?2 functions as a light-sensitive ion channel that activates under blue light exposure at

approximately 470 nm, inducing the isomerization of all-trans-retinal to 13-cis-retinal

73



within the channel. This molecular change leads to the opening of the channel pore,
allowing cations, predominantly protons, to flow down their electrochemical gradient
across the cell membrane, resulting in cell depolarization. If the depolarization reaches a
sufficient level, it can trigger an action potential (Yang et al., 2019). To investigate if
muscles regenerated with ChR2-EYFP expressing cells could contract in response to blue
light stimulation independently of neural inputs, soleus muscles were isolated and
connected to a force inducer. Positioned closely, a 470 nm LED light inducer stimulated
the muscles at various light intensities and durations (n=6). Figure 3.6A depicts the
positioning of a blue LED light closely directed toward the muscle and activating the
ChR2-expressing muscle fibres. Successful muscle contraction in response to light
illumination is documented in Supplementary Video 3.1 (see Appendix Two). The graph
in Figure 3.6B displays muscle twitch forces in response to nerve stimulation (pink) and

1, 10, and 100 ms optical stimulations at 24mV light intensity.

Previous research in our lab demonstrated that in transgenic Sim1-Ai32 mice, where
ChR2-EYFP is expressed in skeletal muscle fibres, optical stimulations longer than 5 ms
do not synchronously depolarize all myofibres. Myofibres closer to the light source
depolarize earlier than those further away, resulting in smaller but prolonged EMG
measurements (Magown et al., 2015). Additionally, the gradation in force is attributed to
an increase in the number of muscle fibres activated and the contractile strength of each
fibre (Henneman et al., 1965b). This information suggests that the deflections observed in
10 ms and 100 ms stimulations (indicated by asterisks) could be due to the delayed

activations of certain myofibre groups.
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We also discovered that muscle contractile forces vary with different light pulse durations
and intensities. A comparison of neural muscle twitch forces (9.88 + 4.2 mN) versus
optical muscle twitch forces at durations of 1 ms (1.08 £ 0.4 mN), 5 ms (4.23 + 3.8 mN),
10 ms (6.36 = 3.8 mN), 20 ms (8.15 £ 3.9 mN), 50 ms (10.57 £ 5.7 mN), 100 ms (11.03 +
6.08 mN), 200 ms (10.8 £ 5.1 mN), and 500 ms (9.32 + 4.3 mN) with 24 mV light pulses
is shown in Figure 3.6C; (P=0.0154, P= 0.2100, P=0.6776, P=0.9879, P>0.9999,
P=0.9998, P>0.9999, P>0.9999, respectively). Twitch forces induced for 50 ms and
longer, produced contractile forces nearly equivalent but higher to those generated by
neural stimulation. As depicted in Figure 3.6D, increasing the light intensity with a 50 ms

stimulation time caused a rise in muscle contractile force.

Further investigation into the electrical properties of single ChR2-EYFP expressing
myofibres revealed that myofibre depolarization increases with light intensity up to a
certain point and then plateaus. There is significant variability in depolarization among
different fibres, potentially caused by varied levels of ChR2 expression across myofibres
or inconsistencies in light penetration and delivery across the muscle, which means
muscles in deeper positions may receive less stimulation (Fig 3.6E). The average
myofibres depolarization change with increasing light intensity is presented in Figure 3.6F.
Also, the duration and magnitude of depolarization achieved by increasing stimulation
length at constant light intensity is shown in Figure 3.6G, H. Notably, while the duration
of depolarization increases with longer light stimulation periods, the amplitude of
depolarization remains unchanged (Fig 3.6G, H). One possible reason is that even with a
Ims stimulation duration, myofibres reach their maximum depolarization capacity,

making longer stimulation periods ineffective in increasing the depolarization magnitude.

75



When comparing the depolarization magnitudes of individual myofibres in response to
increased light intensity (Fig. 3.6E), we observe that the maximum depolarization is
similar to what is achieved with a 1 ms stimulation. Another possible explanation for this
phenomenon is the ChR2-mediated depolarization block, as described by Herman et al.
(2014). In this context, extended light exposure silences, rather than activates, neurons
expressing ChR2. This response to optogenetic stimulation varies among neuronal
subtypes and is attributed to ChR2's nature as a cation-permeable membrane channel,
which permits excessive cation influx, resulting in prolonged membrane depolarization in

targeted neurons.

3.4.7 Optical Stimulation of Transplanted Muscles Expressing ChR2 via AAV-
PHP.eB-CAG-ChR2-EYFP Transduction.
Recombinant adeno-associated viruses (rAAVs) are recognized as safe and have been
extensively employed in both clinical trials and preclinical studies for gene therapy (Jiang
et al., 2021; L. Li et al., 2023). The AAV-PHP.eB variant, derived from AAV9Y, exhibits
enhanced penetration capabilities into the CNS and peripheral tissues, surpassing its
progenitor serotype. These improvements are attributed to capsid modifications that
enhance its ability to cross biological barriers such as the blood-brain barrier and muscle
cell membranes (Chan et al., 2017). Although this AAV variant is primarily established
for CNS transduction, recent findings by Jiang et al. (2021) indicate its efficient infection
capabilities in mouse hindquarter muscle. In this experiment, we used AAV-PHP.eB
vectors carrying the ChR2-EYFP gene to enable ChR2 expression in the muscle cells used

for transplantation.
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AAV-PHP.eB-CAG-ChR2-EYFP vectors were applied two days before transplantation to
the myofibre culture in vitro. These myofibres were dissociated, turned into myoblasts,
and transplanted into irradiated/notexin-injected mouse soleus muscles. Transplanted
muscles were extracted one to two months after transplantation (n=3). Examination of the
contractile force of these muscles under blue light stimulation demonstrated effective
contraction, as shown in Supplementary Video 3.2 (see Appendix Two), although twitch
force was slightly lower than that produced by neural stimulation (Fig. 3.7A). This
reduction in force was particularly notable at shorter stimulation durations of 1 ms (0 mN),
5ms (0.33 £ 0.5 mN), and 10 ms (4.03 £ 1.7 mN) compared to neural stimulation (15.87
+ 8.46 mN; P=0.0020, P=0.0024, P=0.0224, respectively). However, no significant
differences in contraction force were observed between neural and light-evoked
contractions at durations of 20 ms to 500 ms (20 ms: 7.56 £ 3.9 mN, P=0.1572; 50 ms: 9.9
+4.0mN, P=0.4184; 100 ms: 9.53 + 3.8 mN, P=0.3557; 200 ms: 9.56 = 4.5 mN, P=0.4636;
500 ms: 9.5 = 4.9 mN, P=0.4239) (Fig. 3.7B). Also, at a stimulation time of 50 ms,
increasing the light intensity enhanced the muscle contractile force (Fig 3.7C). The lower
force compared to neural stimulation could be due to incomplete infection of the muscle
cells by the AAV vectors or dilution of the vectors during cell division and muscle fibre
formation which should be investigated later. Overall, transduction of ES-cell-derived
myoblasts with AAV-PHP.eB-CAG-ChR2-EYFP followed by their transplantation into
injured muscles enabled successful muscle contraction in response to blue light

illumination, in the absence of neural stimulation.
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3.5 Discussion

Skeletal muscle functions are necessary for all movements, posture and breathing
(Chromiak & Antonio, 2008), Therefore, losing them can significantly affect the quality
of life and cause strong disabilities in people. SCIs and motor neuron diseases such as ALS
often lead to muscle denervation, atrophy, and severe dysfunction due to the inability of
CNS motor axons to regenerate naturally. On the other side, although in PNI such as
brachial plexus injury motor axons can regenerate, albeit slowly, resulting in prolonged
denervation and muscle fibrosis, which significantly hinders functional recovery (T.
Gordon, 2020). Given these challenges, novel strategies are essential for improving

patients’ lives.

This study aimed to explore the innovative potential of restoring muscle function in
completely denervated muscles by leveraging optogenetic technology and ES cell-derived
muscle fibres. Specifically, the goal was to develop a technique for expressing ChR2 in
muscle fibres to enable functional contraction upon blue light stimulation, providing a
potential solution to restore function in selected groups of muscles where nerve

regeneration and muscle reinnervation fall short.

Our initial experiments demonstrated that tdTomato-expressing ES cell-derived myoblasts
injected into only notexin-injured muscles did not fuse with endogenous myoblasts to form
chimeric regenerated muscle. Although the muscles regenerated and appeared healthy, the
lack of red fluorescence indicated the absence of tdTomato expression. This suggests that
the survival of endogenous satellite cells following induced muscle injury drives muscle
regeneration through their activation and proliferation, and the endogenous muscle cells
do not integrate with the transplanted tdTomato-expressing myoblasts. Some of the
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transplanted myoblasts survived only as individual cells rather than integrating into host
muscle fibres. All these findings indicate that in vitro cultured myoblasts generally fail to
integrate and merge with endogenous myoblasts during the regeneration process. Instead
of fusing and forming hybrid myofibres, most of the transplanted myoblasts die, with only

a few surviving as isolated muscle cells.

To address the suppression of transplanted cells by endogenous satellite cells, we
employed gamma radiation followed by notexin injection to inactivate native satellite cells
before damaging the endogenous muscle fibres. This approach significantly inhibited
muscle regeneration, as evidenced by the absence of muscle fibres and the presence of
only mononuclear cells in irradiated and notexin-injected muscles. The transplantation of
tdTomato-expressing myoblasts into irradiated/notexin-injected muscles resulted in
successful muscle regeneration. These regenerated muscles displayed extensive red
fluorescence, indicating the formation of muscle fibres from the transplanted cells and
demonstrating robust engraftment. These findings suggest that preconditioning the muscle
environment can enhance the integration of exogenous cells. These muscles exhibited a
notable increase in muscle mass and CSA, with red fluorescent fibres predominantly
covering the muscle tissue. Although these fibres were smaller than those in unoperated

muscles, their higher number contributed to increased overall muscle mass.

ChR2-EYFP-expressing myoblasts also successfully regenerated muscle fibres in
irradiated/ notexin-injected muscles, enabling optical control of muscle contractions
through blue light stimulation. The generated contractile forces varied in response to
different light intensities and durations, achieving forces nearly equivalent to the force

produced by neural stimulation at the highest light pulse intensity (24 mv) and 50, 100 or
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200 ms duration. Indeed, by applying single light pulses with varying durations and
intensities, we observed that twitch forces increased with both higher light intensities and
longer pulse durations to the certain point. This likely occurs due to the activation of more
muscle fibres, as higher intensities and longer stimulation periods can recruit deeper fibres,
indicating that muscle force can be controlled by adjusting light parameters. However,
durations longer than 200 ms did not further increase the force, possibly because all fibres
were already activated within 50 to 200 ms. This is in agreement with the results of
Magown et al. (2015) and Bruegmann et al. (2015) from transgenic mice, where an
increase in light intensity and duration is accompanied by larger depolarizations. Further
investigation into the electrical properties of single ChR2-EYFP expressing myofibres
revealed variability in depolarization magnitude among different fibres but reserving
almost the same pattern, potentially caused by varied levels of ChR2 expression across

myofibres or inconsistencies in light penetration and delivery across the muscle.

AAVs have been widely used in clinical trials and preclinical studies for gene therapy due
to their safety and efficiency in gene delivery (Jiang et al., 2021; L. Li et al., 2023).
Therefore, utilizing AAVs represents a promising and safe method for introducing the
ChR2 gene into skeletal muscle fibres in humans, offering a reliable approach for potential
therapeutic applications in future. The AAV-PHP.eB variant, derived from AAVY,
exhibits enhanced penetration capabilities into the CNS and peripheral tissues (Chan et al.,
2017). Additionally, Jiang et al. (2021), demonstrated its efficacy in delivering genes of
interest into muscle fibres. Transducing ES-cell-derived myoblasts with AAV-PHP.eB-
CAG-ChR2-EYFP and subsequently transplanting them into injured muscles facilitated

muscle contraction in response to blue light illumination. Once again, increasing light
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intensity and duration resulted in greater muscle force, with the maximum effective
duration being 50 ms. The force produced by AAV-transduced muscles was slightly lower
compared to neural stimulation, though this difference was not significant at longer light
pulse durations (> 20 ms). This reduction in force could be attributed to several factors,
including the possible dilution of vectors following myoblast division, incomplete
infection of all muscle fibres by the vectors, or the tendency of AAVs to transfect satellite
cells less efficiently than mature myofibres. These possibilities should be explored further
in future studies. Despite this, the successful optical contraction demonstrates the potential
of this approach for restoring muscle function in cases of severe nerve injury, bringing us

closer to the possibility of clinical trials.

In recent years, optogenetic techniques have become increasingly significant in
fundamental research, particularly within neuroscience (Gundelach et al., 2020) Numerous
methods with potential future clinical applications have been identified, such as brain
implants for treating Parkinson’s disease (Gradinaru et al., 2009) and epilepsy (Paz &
Huguenard, 2014), peripheral nerve stimulation to alleviate chronic pain (S. M. Iyer et al.,
2014), methods to restore urinary bladder function (Mickle et al., 2019) and even optical

stimulation of the cochlea (Jeschke & Moser, 2015).

However, while optogenetics has been widely used to activate different types of neurons,
only a limited number of studies have explored muscle activation through ChR2
expression. Muscle optogenetic activation has been attempted both indirectly and directly.
Indirect stimulation, which involves expressing ChR2 in the peripheral motoneurons
innervating muscles, offers a promising alternative to electrical stimulation for specific

therapeutic applications. This method leverages precise control over motor neuron
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activation to reduce side effects and enhance performance (Gundelach et al., 2020). One
significant limitation of electrical stimulation, for muscle control is its tendency to activate
large, easily fatigable MUs before smaller, more endurance-capable ones, even at the
lowest intensity settings. This recruitment pattern is the reverse of what naturally occurs
in the body, where smaller units are engaged first. Optogenetic activation of small
motoneurons can induce muscle contraction and maintain the physiological recruitment
order of MUs (Llewellyn et al., 2010). Other examples of indirect optical muscle activation
include restoring diaphragm electromyographic (EMG) activity following a SCI (Alilain
et al., 2008) and controlling the ankle joint position through optical stimulation of

peripheral nerves in the lower limb (Srinivasan et al., 2018).

Electrical stimulation or indirect optical activation of muscle fibres are ineffective when
the fibres are completely denervated. Stimulating denervated muscles electrically requires
much higher currents to induce contractions compared to neural stimulation. These high
currents can lead to issues such as electrode corrosion, tissue damage, discomfort, and
unintended stimulation of neighboring muscles (Plenk, 2011). In the case of optical
activation of peripheral motor neurons, transplanting motoneurons expressing ChR2 to
restore muscle function after injury is only feasible after the body's natural recovery
process, which can take several months in humans (Calancie et al., 2004). This delay poses
a significant challenge for motor neuron transplantation because prolonged axotomy or
muscle denervation severely hinders motor axon regeneration and reinnervation of muscle
fibres. Consequently, while motor neuron transplantation therapies derived from
pluripotent cells show promise, these practical limitations may impede their clinical

application (Fu & Gordon, 1995; Gutmann, 1948).
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A very limited number of studies have explored direct optical activation of muscles,
mostly focusing on cardiac muscle stimulation with potential applications for treating
cardiac arrhythmias (Bruegmann et al., 2010; Crocini et al., 2016; Nyns, Poelma, Volkers,
Bart, et al., 2019; Scardigli et al., 2018; Zaglia et al., 2015). The initial demonstration of
direct optogenetic stimulation in skeletal muscles was achieved in Caenorhabditis elegans
nematodes, which expressed ChR2 in their body wall and egg-laying muscles (Nagel et
al., 2005). The first optical stimulation of skeletal muscle in mammals was conducted in
vitro using immortalized myoblasts derived from mice (C2C12 cells), resulting in cell
contraction (Asano et al., 2012). Later, expressing ChR2 in skeletal muscle was
accomplished in transgenic mice by Magown et al. (2015) and Bruegmann et al. (2015).
In both models, ChR2 was expressed across all skeletal muscles, specifically located at the
sarcolemma and within the t-tubular system. The presence in the t-tubular system is crucial
for efficient excitation—contraction coupling. This localization is significant because it is
at the triadic junctions where L-type Ca*" channels detect depolarization and trigger the
release of Ca*" from intracellular stores by directly opening ryanodine receptors type 1
(van Bremen et al., 2017). In addition to direct optical activation of skeletal muscles,
Magown et al. (2015) demonstrated that daily light activation of chronically denervated
muscles significantly attenuated muscle atrophy. In a recent study by Rousseau et al.
(2023), engineered muscle tissue fabricated from ChR2-expressing C2C12 cells was
engrafted into the TA muscle to help with VML. Another study of skeletal muscle
activation via photostimulation involved diaphragm muscles, where direct injection of
AAV9-CAG-ChR2 conducted by Benevides et al. (2022) caused EMG activity in

paralyzed muscles and facilitated breathing.
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Our study builds on the work of Magown et al. (2015) conducted previously in our lab,
highlighting the potential of the optogenetic approach as a novel method for controlling
skeletal muscle function and potentially bypassing the need for neural inputs in transgenic
animals. In this study, we take a step closer to the ultimate goal of clinical application of
optical activation of skeletal muscles by demonstrating successful direct activation of
mouse skeletal muscles through the introduction of the ChR2 gene via transplantation of
exogenous muscle cells. The feasibility of this method was validated using both transgenic
ChR2-expressing cells and AAV-mediated transduction. Our results are consistent with
previous findings, indicating that skeletal muscles expressing ChR2 in non-transgenic
mice through cell engraftment can achieve functional contraction when optically activated.
Additionally, muscle activation can be controlled by varying the light intensity and

duration.

In summary, this study illustrates that the optogenetic approach offers an innovative
method for controlling muscle function, potentially avoiding the need to neural
stimulation. This advancement could significantly enhance the quality of life and slightly

improve the level of independence for individuals living with paralysis.
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3.6 Figures

Figure 3.1. tdTomato-expressing ES cell-derived myoblasts do not fuse with the
endogenous myoblasts in vivo. A) Representative image of an unoperated soleus muscle
alongside a soleus muscle transplanted with tdTomato expressing myoblasts following
notexin injection injury, observed 30 days post-transplantation. B) Mean (£ SD) wet
weight values (P=0.2199), C) Muscle weight/body weight (P=0.1493) and D) CSA
(P=0.0546) of the unoperated soleus and notexin injected/ tdTomato expressing myoblasts
transplanted soleus muscle 30 days after transplantation (Welch’s t-test). E)
Representative bright-field and red fluorescent images of unoperated and notexin injected/
tdTomato expressing myoblasts transplanted soleus muscles. Scale bar = 1000 um. F)
Representative cross-sections of unoperated and notexin injected/ transplanted soleus
muscles show that regeneration in injured muscles occurs only through the recruitment of
endogenous myoblasts and tdTomato expressing myoblasts fail to integrate with these
regenerating fibres. A limited number of red myoblasts are survived among the
regenerated muscle fibres, discernible by arrows. Scale bar = 50 pum. G) Quantification of
the Mean (£ SD) cross-sectional muscle fibre areas and H) muscle fibre numbers in a
single cross-section in unoperated and tdTomato transplanted soleus 30 days after notexin
injection and transplantation. **** P <(0.0001 (Ordinary One-way ANOVA test).
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Figure 3.2. Gamma radiation, followed by notexin injection, kills endogenous satellite
cells, and prevents muscle fibre regeneration. A) Representative image of soleus muscles
30 days post-injury (i.e. after irradiation and venom injection). B) Representative cross-
sections of unoperated and irradiated/notexin-injected soleus muscles stained with H&E,
30 days post-injury. Scale bar = 50 um. C) Mean (= SD) wet weight and D) muscle
weight/body weight from unoperated and irradiated/notexin injected soleus muscles 30
days post-injury. ** p <0.01 and *P< 0.05 (Welch’s t-test).
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Figure 3.3. tdTomato expressing ES cell-derived myoblasts engraft and form muscle fibres
when transplanted into irradiated/notexin-injected muscles. A) Representative image of an
unoperated soleus muscle alongside a soleus muscle that underwent transplantation with
tdTomato expressing myoblasts following irradiation and notexin injection, observed 30
days post-transplant. B) Representative bright-field and red fluorescent images comparing
unoperated soleus muscles with transplanted soleus muscle with tdTomato-expressing
myoblasts following irradiation and notexin injection. Scale bar = 500 um. C) A group of
red fluorescent muscle fibres (Scale bar = 500 um) and D) single tdTomato expressing
muscle fibres (Scale bar = 50 pum) teased from a transplanted soleus muscle show
tdTomato expression along their entire length. E) Mean (= SD) wet weight values, F)
muscle weight/body weight ratio, and G) CSA measurements of both unoperated soleus
muscles and those transplanted with tdTomato-expressing myoblasts after irradiation and
notexin injection, assessed 30 days post-transplantation. * p < 0.05 (Welch’s t-test).
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Figure 3.4. tdTomato expressing myoblasts form elongated, but small muscle fibres, when
transplanted into irradiated/notexin-injected soleus muscles. A) Florescent image of a
cross-section from tdTomato expressing myoblasts transplanted soleus 30 days after
transplant. Scale bar = 500 um. B) Mean (= SD) CSA of tdTomato- and tdTomato+ fibres
in a single muscle cross-section. **** P < (0.0001 (Welch’s t-test). C) Representative
cross-sections of unoperated and transplanted soleus muscles show that tdTomato-
expressing fibres exhibit a smaller size, but a greater abundance compared to control
fibres. Scale bar = 500 um. D) Quantification of the mean (£ SD) cross-sectional muscle
fibre areas in unoperated and transplanted soleus 30 days post-transplantation. **** P <
0.0001 (Welch’s t-test). E) Frequency distribution of muscle fibre CSA of unoperated and
tdTomato expressing myoblasts transplanted soleus 30 days post-transplantation. F)
Quantification of the mean (+ SD) muscle fibre numbers in a single cross-section in
unoperated and tdTomato expressing myoblasts transplanted soleus 30 days post-
transplantation. **** P <(.0001 (Welch’s t-test).
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Figure 3.5. ChR2 expressing myoblasts engraft into the irradiated/notexin-injected soleus
muscles. A) Representative image of an unoperated soleus muscle alongside a soleus
muscle that underwent transplantation with ChR2-expressing ES cell-derived myoblasts
following irradiation and notexin injection, observed 60 days post-transplant. B)
Representative bright-field and green fluorescence images comparing unoperated soleus
muscles with transplanted soleus muscle with ChR2-expressing myoblasts following
irradiation and notexin injection. Scale bar = 1000 pum. C) Mean (+ SD) wet weight values
and D) muscle weight/body weight ratio of both unoperated soleus muscles and those
transplanted with ChR2-expressing myoblasts after irradiation and notexin injection,
assessed 30-90 days post-transplantation. P=0.6406 and P= 0.5052 respectively (Welch’s
t-test).
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Figure 3.6. ChR2 expressing muscles are activated with blue light stimulations. A)
Representative image of blue LED light activation of a ChR2 transplanted soleus muscle
30-90 days post-transplant. B) Twitch contraction (pink trace) elicited by neural
stimulation and blue LED light activation (blue traces) for 1, 10 and 100 ms. C)
Quantification of the mean (= SD) twitch contraction amplitude evoked by neural
stimulation and contractile force amplitudes elicited by blue light activation from 1-500
ms. Mean of each column is compared to the mean of neural activation column. * p <0.05
(Brown-Forsythe and Welch ANOVA test). D) Mean (+ SD) contractile force evoked by
50 ms optical stimulation across varying light intensities from 1 to 24 mV. E)
Quantification of depolarization magnitudes across different myofibres, induced by
escalating intensities of blue light stimulation. F) Mean (= SD) depolarization values of
myofibres in response to increasing intensities of blue light stimulation. G) Quantification
of the mean (= SD) depolarization amplitude, and H) depolarization magnitude in
myofibres elicited by blue light activation over durations from 1 to 500 ms. Quantification
of the mean depolarization amplitude (+ SD) and H) depolarization magnitude in
myofibres elicited by blue light activation over durations from 1 to 500 ms.
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Figure 3.7. Force produced by optical stimulation in the transplanted muscles expressing
ChR2 through AAV-PHP.eB-CAG-ChR2-EYFP transduction. A) Twitch contraction
(pink trace) evoked by neural stimulation, alongside blue LED light activation (blue trace)
for a duration of 50 ms. B) Quantification of the mean (+ SD) twitch contraction amplitude
induced by neural stimulation and the contractile force amplitudes elicited by blue light
activation over durations from 1 to 500 ms, with each column's mean compared to the
neural activation column. ** p < 0.01 and * p < 0.05 (One-way ANOVA test). C) Mean
(= SD) contractile force evoked by 50 ms optical stimulation across varying light
intensities from 1 to 24 mV.
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Chapter 4: Anatomical and Physiological Characterization of
tdTomato-Expressing Muscles Reinnervated by Endogenous

Motoneurons

4.1 Abstract

Skeletal muscles are essential for movement and posture and have a strong regenerative
capacity due to their resident stem cells, known as satellite cells. However, in cases of
severe injuries like VML, muscle atrophy from denervation caused by PNI, or
degenerative diseases like muscular dystrophy, the natural regenerative ability of skeletal
muscles is often insufficient, leading to impaired function. Myoblast transplantation is a
promising approach to replace injured or genetically disordered muscles with healthy,
regenerated muscle fibres developed from exogenous cells, allowing for the introduction
of specific genes into the muscle. Previously, using a new method of differentiation, we
produced mouse ES cell-derived skeletal muscle fibres expressing ChR2 or tdTomato in
vitro (described in chapter 2). Before transplanting these cells into the host soleus muscles,
the muscles were irradiated, and notexin, a myotoxic agent, was injected to completely
ablate the soleus muscles in mice, ensuring no natural regeneration could occur. The
muscles were successfully regenerated and expressed the introduced genes. ChR2-
expressing muscles contracted in response to blue light stimulation, while tdTomato-
expressing muscles showed increased mass compared to control muscles, though with
much smaller fibre sizes and a higher number of fibres (described in chapter 3). In this
study, we examined the functional characteristics of these tdTomato expressing muscles,
which had a different fibre number and size compared to control muscles. The results
showed that the regenerated muscles were successfully innervated by endogenous motor
axons, and the tdTomato-expressing muscles exhibited normal contractile responses when
stimulated by these nerves. Intracellular electrophysiological recordings indicated that
synaptic transmission in the transplanted muscles was largely normal. An examination of
the number of fibres innervated by motor axons revealed over 80% innervation, with
newly established NMJs localized in the same areas as those in control muscles.
Interestingly, the regenerated muscles were composed entirely of fast-twitch fibres,
differing from the typical composition of the soleus muscle, which usually contains a
higher proportion of slow-twitch fibres. Despite this shift in fibre type, the regenerated
muscles demonstrated contractile forces comparable to those of unoperated muscles.
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4.2 Introduction

Skeletal muscles are among the body's most abundant tissues, comprising 40 - 45% of
body mass. They are essential for movements such as walking, hand grasping, breathing,
and swallowing (Dumont et al., 2015; J. Liu et al., 2018; Tedesco et al., 2010). These
muscles possess a high capacity for regeneration after injuries by activating and
proliferating their quiescent stem cells, known as satellite cells (Dumont et al., 2015;
Laumonier & Menetrey, 2016; Morgan & Partridge, 2003). However, certain injuries, such
as muscle atrophy due to PNI, VML, and diseases like muscular dystrophy, surpass the
muscle's threshold for self-recovery, and the muscle cannot regain its functionality without
external intervention (Aguilar et al., 2018; T. Gordon, 2020; Guiraud & Davies, 2019;

Ribeiro et al., 2019).

In PNIs, such as BPIs, prolonged denervation due to proximal nerve damage results in
muscle atrophy and fibrosis, significantly impairing muscle regeneration and reducing the
chance of functional recovery to 10% (Fu & Gordon, 1995; T. Gordon, 2020).
Additionally, drastic skeletal muscle injuries, such as VML, characterized by the traumatic
or surgical loss of substantial skeletal muscle tissue beyond the body's regenerative
capabilities, lead to significant functional impairment (Kim et al., 2020; Wu et al., 2012).
In these situations, the self-repair process is impeded by extensive nerve and blood supply
loss, alongside inflammation-induced fibrosis, resulting in permanent muscle loss, chronic
scar tissue formation, and lasting disabilities (Das et al., 2020; Turner & Badylak, 2012).
Furthermore, muscle diseases such as muscular dystrophy, a group of serious genetic
disorders, cause progressive muscle deterioration (Biressi et al., 2020; Lovering et al.,

2005). These conditions are caused by mutations in genes encoding cytoskeletal and
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membrane proteins crucial for muscle structure and function, leading to the gradual
degradation and loss of muscle fibres, thus impeding sustained muscle recovery (Tedesco

etal., 2010).

Cell transplantation strategies could be pivotal in developing new approaches for muscle
regeneration, particularly in conditions mentioned above. Researchers have explored
various cell types for this purpose, including stem cells and myoblasts (Lev & Seliktar,
2018). The concept of skeletal muscle transplantation emerged in the late 1980s through
the pioneering work of Partridge and colleagues, who demonstrated that injecting
myoblasts into the hind limbs of mdx mice, a model for Duchenne muscular dystrophy
(DMD), led to a substantial reconstitution of dystrophin-positive muscle fibres (Partridge
et al., 1989). However, early attempts at muscle cell transplantation faced challenges such
as low survival rates and limited migratory ability of the transplanted cells (Beauchamp et
al., 1999). Since then, numerous myoblast and satellite cell engraftments have been
performed, leading to significant improvements in techniques and outcomes, which have
the potential to positively impact the lives of many patients (Hekmatnejad & Rudnicki,

2022).

Previously, we successfully regenerated soleus muscles by transplanting ES cell-derived
myoblasts expressing tdTomato or ChR2 after irradiating the leg to inactivate muscle
satellite cells and degrading the fibres with notexin injection. The muscles were
successfully regenerated using both types of ES cell-derived myoblasts. Interestingly, the
tdTomato-expressing myoblasts produced a larger mass of soleus muscle, containing a
much higher number of red fibres, but with a smaller diameter than the control fibres.

Additionally, ChR2-expressing myoblasts regenerated muscles that contracted in response
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to blue light illumination without nerve stimulation, which could potentially restore some
level of function in completely denervated muscles in patients with SCI and PNI

(described in chapter 3).

Here, we conducted a detailed anatomical and physiological characterization of the
transplanted tdTomato-expressing muscles. First, we found that the regenerated muscles
were successfully innervated. By stimulating the nerve, we compared the contractile force
of the regenerated tdTomato expressing muscles to unoperated control muscles and
observed that normal contractile forces were achieved in the regenerated muscles.
Furthermore, an examination of synaptic transmissions through intracellular recordings
revealed that miniature end-plate potential (mEPP) amplitudes were significantly higher
in the transplanted muscles, likely due to differences in muscle fibre size and input
resistance (Katz & Thesleff, 1957). All other factors in the engrafted muscles—including
the frequency of mEPPs, mEPP rise time, half-width, decay time, end-plate potential
(EPP) amplitudes, and quantal contents—were normal and comparable to those of the
unoperated muscles. We then investigated the innervation percentage of regenerated
muscle fibres derived from the grafted exogenous cells. The majority (>80%) of the ES
cell-derived muscle fibres were innervated by endogenous motor axons. Additionally, we
examined the location of the newly established NMlJs on the regenerated muscles. a-
Bungarotoxin (a-BTX) labelling indicated that AChR on these muscles were located in
approximately the same area as in the unoperated control soleus muscles, suggesting that
motor axons and muscle fibres are guided to establish NMJs in designated regions. Finally,
we sought to determine the type of fibres composing the regenerated soleus muscles

through immunostaining for both slow and fast-type myosin. The results showed that these
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muscles were composed solely of fast-type myosin, unlike the normal soleus muscles,
which consist of a combination of slow and fast muscle fibres, with a majority being slow
types. These findings underscore the potential of cell transplantation as a therapeutic
strategy for severe muscle injuries and genetic muscle diseases. The ability to restore
muscle function through cell-based therapies represents a significant step forward in the
field of regenerative medicine and offers hope for individuals affected by muscle injuries

and diseases.

4.3 Materials and Methods

4.3.1 Ex vivo Soleus Muscle Isometric Tension

The soleus muscle, along with a short segment of its innervating nerve, was dissected from
mice anesthetized with a mixture of isoflurane and oxygen. The muscle was immediately
transferred to a recording chamber coated with Sylgard (Dow Corning) and continuously
perfused with oxigenated Tyrode's solution containing 125 mM NaCl, 24 mM NaHCOs3,
5.37 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, and 27.75 mM dextrose. After fixing the
proximal tendon with an insect pin and tying it securely, the distal tendon was attached

with a fine thread and connected to a force transducer (FT 03; Grass Technologies).

Electrical stimulations were delivered to the innervating nerve via a fine-tipped glass
suction electrode connected to an S88 stimulator (Grass Technologies), which was isolated
from the ground using a constant current stimulus isolator (PSIU6; Grass Technologies).
Once the muscle length was adjusted to achieve the largest isometric contraction, neural

forces were recorded via a Digidata 1320A analog-to-digital board, using AxoScope 10.2
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software (Molecular Devices). Tetanus forces were recorded at 50 Hz for a 1 second

duration.

4.3.2 Intracellular Recordings of Myofibres

After isometric tension measurement, muscles were pre-incubated for 60 minutes in
oxygenated Tyrode solution containing SuM pCTX GIIIB (Alomone Labs, Jerusalem,
Israel) to inhibit muscle contractions triggered by nerve stimulation. Muscles were then
transferred to a Sylgard-coated recording chamber, pinned and perfused with pCTX-free

oxygenated Tyrode solution for the duration of the recording.

Sharp tip glass electrodes with a resistance between 15-30 MQ filled with 3M KCI were
used. Spontaneous mEPPs and nerve-evoked EPPs were captured using a MultiClamp
700B amplifier and subsequently digitized utilizing MultiClamp Digidata 1140A. The
generation of nerve-evoked transmitter release was accomplished by stimulating the soleus
nerve with a suction electrode, connected to a Grass S88 stimulator that was electrically

isolated using an SIUS stimulus isolation unit.

Data collection was performed using Clampex 10.3 software (Molecular Devices), with
subsequent analysis conducted using MiniAnalysis software (Synaptosoft). The quantal
content (m) was calculated using the direct method, where the mean amplitude of EPPs
(elicited at a frequency of 1Hz) and mEPPs (recorded for a duration of 30 seconds) were
used (m= mean EPP amplitude / mean mEPP amplitude). Instances where a stimulus failed
to elicit a change in the resting membrane potential were categorized as failures. Resting

membrane potentials were between -55 mV and -85 mV, and any recordings showing a
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change greater than 10% from the initial resting membrane potential by the conclusion of

the recording session were discarded.

4.3.3 Muscle Imnmunohistochemistry

Soleus muscles were positioned at their physiological length in cryomolds, secured with
insect pins. Prior to sectioning, the muscles were examined under a microscope to detect
any red fluorescence. The samples were then immersed in a solution consisting of 20%
sucrose (Fisher Chemical) in PBS mixed with tissue freezing medium O.C.T. Compound
(Tissue Tek) at a 1:2 ratio. Once prepared, the muscles were swiftly frozen in a 2-
methylbutane (Sigma-Aldrich) bath that had been pre-cooled with liquid nitrogen.
Afterward, the frozen muscles were stored at -80 °C for a minimum of 24 hours before

sectioning.

Using a cryostat (Leica), the muscles were sectioned longitudinally at 40 pm or cross-
sectioned at 20 um and transferred to microscope slides. The sections were subsequently
fixed in 4% PFA for 15 minutes, followed by three washes with PBS. After this
preparation, the sections were ready for incubation with primary antibodies. A solution of

1% BSA (VWR) in PBS plus 0.5% PBS-Triton was used for antibody application.

For the analysis of endplate morphology, the longitudinal sections were incubated
overnight at room temperature with mouse anti-SV2 IgG1 (1:50, Developmental Studies
Hybridoma Bank). Following this incubation, the sections were washed three times with
PBS to remove any unbound antibodies. The sections were subsequently treated with a
secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse IgGl (1:500,

Invitrogen), along with Alexa Fluor 647-conjugated a-BTX (1:500, Invitrogen). The slides
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were placed in the dark on a gentle shaker for 2 hours. After an additional three washes
with PBS to remove excess antibodies, the slides were mounted using a lab-made
mounting medium composed of 50% glycerol/PBS and 0.03 mg/ml p-Phenylenediamine,

and coverslips were carefully placed on top of the mounted sections to preserve them.

For the identification of muscle fibre types, cross-sections were incubated overnight at
room temperature with mouse anti-BA-D5 IgG2b (specific to slow MHC) (1:10,
Developmental Studies Hybridoma Bank) and rabbit anti-fast myosin skeletal heavy chain
IgG (1:500, Abcam). After three PBS washes, secondary antibodies including Alexa Fluor
488-conjugated goat anti-mouse IgG2b (1:500, Invitrogen) and either Alexa Fluor 546-
conjugated goat anti-rabbit IgG or Alexa Fluor 647-conjugated goat anti-rabbit IgG
(1:500, Invitrogen) were applied. The sections were incubated with these secondary
antibodies for 2 hours, again in the dark and on a gentle shaker. Following another three
washes with PBS, the sections were mounted using the previously mentioned mounting
medium, and coverslips were placed on top of the sections to protect and preserve the

samples for further analysis.

The tissues were not specifically stained for tdTomato; the red fluorescence visible in the

images is a result of the natural fluorescence of the tdTomato-expressing muscles.

4.3.4 Imaging
Z-stacks of the NMJs (synaptic vesicle protein 2 (SV2) and a-BTX colocalization) and
muscle fibre type determination images were captured using a ZEISS LSM 880 laser

scanning confocal microscope (Zeiss Microimaging) operated with Zeiss Zen (black
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edition) software. The images were then processed using the Z-project function of Fiji

(Imagel) software.

NMJ localization images were captured using an upright fluorescence microscope (Leica

Instruments) with Zen-Blue (Zeiss) software.

Brightness and contrast adjustments were made to the images using either Zen-Blue
software or ImagelJ. Additionally, the colours of the fast and slow myosin staining were

inverted using ImageJ.

4.3.5 Innervation Quantification

Slides of longitudinal sections of soleus muscle after staining were checked for identifying
co-labelling of a-BTX and SV2 using upright fluorescence microscope (Leica
Instruments). Numerous pictures of a-BTX positive areas were taken on far-red channel
and were checked if there is a colocalization of SV2, presynaptic vesicle structures
pictured on green channel. Co-localizations were counted as successful innervations
whereas a-BTX positive labelling without co-localization with SV2 were counted as not
innervated. Approximately 350-400 endplates per test group were examined for presence

of innervation and NMJ.

4.3.6 Statistical Analysis

All statistical analyses and graph creation were conducted using GraphPad Prism (Prism
10) software. T-tests were used to compare the two groups: unoperated and transplanted
tdTomato-expressing muscles. All results are presented as mean + standard deviation, with

P < 0.05 considered statistically significant.

107



4.4 Results

4.4.1 Regenerated Muscles Expressing tdTomato Exhibit Contractile Forces
Comparable to Control Muscles
After transplanting tdTomato-expressing myoblasts into the soleus muscles of mice that
had been previously irradiated and treated with notexin to eliminate all endogenous muscle
fibres and prevent any regeneration through the activation of the muscle’s own satellite
cells, we assessed if muscles were innervated and evaluated the functionality of the
regenerated muscles containing these transplanted myoblasts. Upon confirming that the
muscles were innervated, we measured ex vivo muscle twitch and tetanic contractile forces
in response to nerve stimulation 30 to 60 days post-transplantation (n=3) (Fig. 4.1A, B).
The average twitch force exhibited by the tdTomato-expressing muscles was 20.4 + 2.9
mN, which did not differ significantly from the control muscles, which showed a twitch
force of 18.23 + 5.6 mN (P = 0.5986) (Fig. 4.1C). Additionally, an examination of tetanic
contractile forces revealed no significant differences between unoperated muscles (102.9

+ 4.7 mN) and tdTomato-expressing muscles (118.43 £ 28 mN) (P = 0.4441) (Fig. 4.1D).

These results indicate that the regenerated muscles, formed through the engraftment of
exogenous muscle cells, are fully functional. Although the differences were not
statistically significant, the tdTomato-expressing muscles produced slightly higher forces
in both twitch and tetanus tests, consistent with the larger CSA of these muscles. This
suggests that the transplanted myoblasts successfully contributed to muscle regeneration

and function.
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4.4.2 Normal Synaptic Transmission at NMJs in Transplanted Muscles

To comprehensively assess synaptic transmission in the transplanted muscles, sharp
electrode intracellular electrophysiological recordings were performed on both unoperated
and transplanted soleus muscle fibres one month post-transplantation (Fig. 4.2A). Our
observations revealed that the amplitude of mEPPs was significantly higher in the
tdTomato-expressing muscle fibres (0.61 £ 0.18 mV) compared to the unoperated muscle
fibres (0.57 £ 0.19 mV) (P < 0.0001), (Fig. 4.2B). According to the foundational work of
Katz & Thesleff (1957), differences in mEPP amplitude between muscle fibres of varying
sizes are attributable to the physical dimensions of the fibres, with smaller fibres
displaying larger mEPPs due to their higher input resistance. Additionally, it has been
noted that mEPP are higher in younger mice and rats, decreasing as they age. This pattern
reflects the increase in muscle fiber diameter with maturation and a corresponding
decrease in input resistance (Bewick et al., 2004; Mclntosh et al., 2023). Given that the
diameters of muscle fibres in the tdTomato-expressing muscles were approximately 4.6
times smaller than control fibres, as mentioned in the chapter 3, this substantial increase
in mEPP amplitude aligns with their findings. However, the frequency of mEPPs did not
show a statistically significant difference between the two groups (unoperated: 1.14 £ 0.8
vs. transplanted: 0.82 + 0.6; P= 0.0675) (Fig. 4.2C), and other parameters, including the
rise time (unoperated: 1.57 = 0.6 ms vs. transplanted: 1.53 £+ 0.6; P= 0.1744 ms) (Fig.
4.2D), half-width (unoperated: 2.61 £ 0.9 ms vs. transplanted: 2.69 + 0.9 ms; P=0.0.602)
(Fig. 4.2E), and decay time (unoperated: 2.167 + 0.98 ms vs. transplanted: 2.166 + 0.6 ms;

P=0.9817) (Fig. 4.2F) of mEPPs, were comparable to the unoperated muscle fibres.
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Furthermore, we measured evoked neurotransmitter release by stimulating the innervating nerve
ata frequency of 1 Hz and recording from the myofibres (Fig. 4.2G). These measurements revealed
no significant difference in EPP amplitude between unoperated (18.73 = 5.9 mV) and transplanted
muscles (19.70 = 6.3 mV) (P > 0.9999) (Fig. 4.2H). Additionally, quantal content, which reflects
the number of neurotransmitter quanta released per nerve impulse, was found to be equivalent in
both the transplanted and unoperated muscles (unoperated: 35.4 £ 9.05 vs. transplanted: 33.5 +

7.1; P= 0.4548) (Fig. 4.21).

Overall, these findings suggest that synaptic transmission in the transplanted muscles is largely
unaltered, except for a higher mEPP amplitude, which is likely due to the smaller size of the muscle
fibres in the tdTomato-expressing muscles. This suggests that, despite the size difference, the
transplanted muscles maintain functional synaptic connections comparable to those in unoperated

muscles.

4.4.3 Reinnervation of NMJs in tdTomato-Expressing Muscles by Endogenous
Motor Axons

To evaluate the anatomical features of the tdTomato-expressing muscles, we aimed to assess the

extent of innervation in the regenerated muscles by the endogenous soleus muscle's nerve axons.

30-60 days post-transplantation, the extracted soleus muscles were longitudinally sectioned and

subjected to labelling with a-BTX, which binds specifically to AChRs in skeletal muscles, as well

as staining for SV2 (n=3) (Fig. 4.3A).

Quantification of the colocalization between presynaptic SV2 and postsynaptic a-BTX indicated
that 80.3 % £ 7.5 of the NMJs in the regenerated muscles were successfully innervated. This was
compared to a 95.33% + 3.05 innervation rate observed in the unoperated muscles (Fig. 4.3B).
Although the innervation rate was slightly lower in the regenerated muscles, statistical analysis

revealed no significant differences between the innervation rates of the regenerated and unoperated
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muscles (P = 0.0541). This finding suggests that the exogenous muscle fibres are indeed capable
of establishing functional NMJs with endogenous motor axons, thereby restoring the necessary

neural connections for muscle function.

Further investigation into the spatial distribution of NMJs within the muscles regenerated from the
exogenous myoblasts revealed that the newly formed NMJs were predominantly located in the
same regions as the unoperated control muscles (Fig. 4.1C). This consistent positioning of NMJs
in the regenerated muscles appears to be heavily influenced by the guidance provided by the basal
lamina. According to (Marshall et al., 1977), even as muscle fibres degenerate, the basal lamina
sheets remain intact, serving as a structural scaffold. This scaffold not only supports the
regenerating muscle cells but also directs the regenerating nerve axons and muscle fibres to re-
establish NMJs at their original locations. The formation of synapses at the denervated NMJs is
not dependent on the integrity of the original postsynaptic muscle cell. Rather, the essential cues
for synapse formation are provided and maintained by components external to the muscle cell
itself, such as the basal lamina. These findings underscore the critical role of the ECM in guiding
the regeneration process and ensuring that the newly formed muscle fibres are properly innervated,

ultimately leading to the successful restoration of muscle function.

4.4.4 Characterization of Engrafted tdTomato-Expressing Muscle Fibres as Fast-
Twitch Type
The composition of the soleus muscle includes both slow and fast-twitch muscle fibres.
Specifically, the mouse soleus muscle is predominantly composed of slow-twitch fibres, which
make up approximately 75.5% of the total muscle composition, with the remaining 24.5% being
fast-twitch fibres, as identified by Crow & Kushmerick (1982). To investigate the fibre types,
present in the tdTomato-expressing regenerated soleus muscles, cross-sections of both unoperated
and tdTomato-expressing muscles were subjected to immunostaining with antibodies against fast
and slow myosin. As anticipated, the unoperated muscle displayed a typical combination of fast,
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slow and hybrid muscle fibres, reflecting the natural composition of the soleus muscle (Fig. 4.4A).
In contrast, the transplanted muscle showed a striking difference, with all the red fibres exclusively

expressing fast myosin, indicating a complete absence of slow-twitch fibres (Fig. 4.4B).

This finding highlights a significant shift in the fibre composition of the regenerated soleus
muscles, where fast-twitch fibres dominate, in stark contrast to the fibre composition observed in
unoperated muscles. The predominance of fast-twitch fibres in the regenerated muscles was not
entirely unexpected, given that all the ES cell-derived muscle fibres, which had been cultured in
vitro and subsequently transplanted into the irradiated and notexin-treated soleus muscles, were

characterized as fast-twitch muscle fibres.

4.5 Discussion

The objective of this study was to thoroughly assess the anatomical and physiological
properties of regenerated soleus muscles achieved through the engraftment of ES cell-
derived myoblasts into completely damaged muscles. To achieve this, as demonstrated in
the previous chapter the target muscles were first subjected to irradiation to inactivate
muscle satellite cells, thereby preventing their activation and proliferation following
injury. Subsequently, these muscles were injected with notexin, a potent myotoxic and
presynaptic neurotoxic phospholipase A2 known for its ability to destroy muscle fibres
and disrupt NMJs (Dixon & Harris, 1996). Under these stringent conditions, the muscle is
entirely abolished and shows no potential for natural regeneration. Furthermore,
transplanting ES cell-derived myoblasts, expressing exogenous genes such as tdTomato
or ChR2, resulted in muscle regeneration with the successful expression of these
introduced genes. The aim of producing ChR2-expressing muscles was to activate

permanently denervated muscles through stimulation with blue light. ChR2-expressing
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muscles hold the potential for improving some degree of independence and quality of life
for patients with paralysis due to SCI or PNI. Additionally, we generated tdTomato-
expressing muscles to confirm that regenerated fibres were derived from transplanted
exogenous myoblasts. Although these muscles cannot facilitate external activation without
nerve stimulation, they could be beneficial in treating genetic muscle diseases like DMD,
and muscle injuries such as VML. Also, in PNIs, the atrophied muscle can be replaced

with regenerated tissue, providing healthy NMJs once motor axons regenerate.

Here, in this study, we specifically focused on evaluating the functionality and NMJ
establishment capabilities of the regenerated muscles expressing tdTomato. These
regenerated muscles exhibited a larger mass and CSA compared to unoperated control
muscles. Additionally, they were characterized by a greater number of muscle fibres, albeit
with smaller diameters. This raised critical questions regarding the functional integration
and potential advantages of such regenerated muscles, particularly concerning their ability

to establish effective NMJs and restore overall muscle functionality.

Our findings indicated that the regenerated tdTomato-expressing soleus muscles
demonstrated 80% colocalization between a-BTX and SV2, signifying successful NMJ
establishment between the endogenous nerve and exogenous muscle fibres. This high rate
of innervation facilitated the generation of normal contractile forces upon nerve
stimulation, underscoring the effective integration of the transplanted cells into the host
muscle's neural circuitry. Furthermore, an analysis of the NMJ area in the regenerated
soleus muscles revealed an area approximately equivalent to the NMJ area in control
muscles. Moreover, intracellular electrophysiological assessments revealed largely normal

synaptic transmission in the transplanted muscles, with the notable exception of increased
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amplitudes of mEPPs attributed to differences in muscle fibre size and input resistance.
Other key parameters, such as the frequency of mEPPs, rise time, decay time, EPP
amplitudes, and quantal contents, were found to be similar to unoperated muscles, further
supporting the functional integration of the transplanted cells. Interestingly, the
regenerated muscles were composed solely of fast-twitch fibres in contrast with normal
soleus muscles, which predominantly consist of slow twitch fibres. Despite this difference,
the regenerated muscles achieved normal contractile forces, demonstrating functional

equivalence to unoperated muscles.

For over a century, cell and stem cell therapies have been employed in clinical settings,
starting with procedures such as blood transfusions, bone marrow transplants, and
epidermal grafts for severe burns. These treatments have saved countless lives and have
become well-established medical practices, long before the modern concept of stem cells
was fully understood (Cossu et al., 2018). Skeletal muscles are ideal candidates for cell
therapy because of their abundant stem cell population, giving them exceptional
regenerative capabilities, unlike other adult muscle tissues such as the heart (Judson &
Rossi, 2020). The pioneering research by Partridge et al., (1989) using the mdx mouse
model for DMD was the first to demonstrate that injected myoblasts could successfully
integrate into skeletal muscle and increased the level of dystrophin in the extensor
digitorum longus (EDL) muscles. This pivotal discovery prompted the use of allogeneic
myoblasts in clinical trials aimed at restoring muscle function in DMD patients (Huard et
al., 1992; Karpati et al., 1993; Mendell et al., 1995; Tremblay, Bouchard, et al., 1993;
Tremblay, Malouin, et al., 1993). Subsequent pilot studies were conducted on both DMD

and Becker Muscular Dystrophy (BMD) patients (Gussoni et al., 1997; Miller et al., 1997,
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Neumeyer et al., 1998). Unfortunately, these early trials yielded limited or no clinical
benefits, primarily due to issues with immunological rejection and extensive cell death
following transplantation, leading to widespread skepticism about the future viability of
this approach. Despite these setbacks, these pioneering studies confirmed the potential of
cell therapy in human skeletal muscle and highlighted numerous unforeseen challenges
that needed to be addressed. Over the past three decades, extensive research has explored
various myogenic cell populations to identify those most effective for promoting skeletal
muscle repair in clinical applications (Boyer et al., 2021). Despite significant
advancements in muscle cell therapy, one of the major challenges that persists is the
insufficient innervation following muscle myogenic cell transplantation in vivo (Judson &
Rossi, 2020; Quarta et al., 2017). Thus, in addition to achieving successful cell
engraftment, acquiring functional properties remains a critical goal of muscle cell therapy.
Our regenerated muscles not only overcame this barrier by establishing hybrid NMlJs but
also exhibited functional contraction in response to stimulation from the endogenous nerve

that innervates them.

In skeletal muscle, the ECM, known as the basal lamina, surrounds each muscle fibre and
its associated satellite cells (Schiiler et al., 2022). The basal lamina links networks of
laminin and collagen polymers through the bridging functions of glycoproteins and
heparan sulfate proteoglycans, such as nidogen and perlecan (Patton, 2003; Rayagiri et al.,
2018; Rogers & Nishimune, 2017). Beyond providing structural support, the basal lamina
actively participates in key biological processes and plays a role in regulating various
muscle functions (Rogers & Nishimune, 2017). The components of the basal lamina play

a crucial role in myogenesis and synaptogenesis, guiding cell growth, migration, and motor
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axon adhesion (Foster et al., 1987; Hunter et al., 1989; Sanes, 2003). Specific collagen and
laminin chains within the endplate basal lamina are localized to organize the pre- and post-
synaptic structures of the NMJ, contributing to their assembly and function in mammals
(Rogers & Nishimune, 2017). Indeed, during muscle regeneration after injury, AChRs and
sodium channels reaccumulate at the NMJ, directed by the remaining components in the
basal lamina even in denervated muscles. This reassembly ensures the proper restoration
of neuromuscular function even after severe muscle damage (Lupa & Caldwell, 1994).
Myotoxins such as cardiotoxin and notexin are highly toxic to skeletal muscle fibres and
cause their deterioration, but they do not harm the basal lamina, blood vessels, or satellite
cells (Gutiérrez & Ownby, 2003; Harris, 2003; Harris et al., 2003; Plant et al., 2000).
Although the plasma membrane is damaged (Harris et al., 2003), the muscle retains the
potential to regenerate, with new muscle fibres developing within the remaining basal
lamina tubes (Harris, 2003). In our study, the chimeric innervation observed between the
endogenous motor axons and the transplanted soleus muscle fibres was located almost at
the original NMJ area. This suggests that the transplanted myoblasts grew within the
existing basal lamina sheaths, guided by their molecular composition to maintain NMJ
localization. This finding aligns with a study done by Nguyen et al. (2000), where
sternomastoid muscles were removed from host mice’s necks and replaced with
immediately dissected sternomastoid muscles from newborn (P0) mouse pups. The NMJs
between the host axons and the grafted muscle fibres preserved their original synaptic sites
even before reinnervation occurred, and after reinnervation, host axons reoccupied these

original synaptic sites.

116



Mammalian skeletal muscle is highly heterogeneous, consisting of various muscle fibre
types with distinct enzymatic profiles, which correspond to their energy metabolism and
contraction speed, each adapted to meet different functional demands. Fibres within the
same MUs typically exhibit similar or identical metabolic characteristics, suggesting that
muscle fibre type expression is largely regulated by neural input (Pette, 1985; Romanul &
Van Der Meulen, 1967). The soleus muscle, although composed of both slow and fast-
twitch fibres, is predominantly classified as a slow muscle due to its high content of slow-
twitch fibres (Crow & Kushmerick, 1982; Schiaffino & Reggiani, 2011), but in our study,
muscle regenerated from ES-derived myoblast transplantations consisted only of fast-
twitch fibres, which contrasts with the typical nature of the soleus muscle. However, this
outcome was anticipated since the myotube cultures in vitro were identified as fast-twitch
fibres. Romanul & Van Der Meulen (1967) previously demonstrated that cross innervating
the slow soleus muscle and fast flexor digitorum longus in cats or flexor hallucis longus
in rats reversed their enzymatic properties and contraction times., indicating that nerve
supply determines the energy metabolism of muscle fibres. Given that, our analysis
occurred only one-month post-transplantation and considering that the electrical properties
of adult motoneurons are closely aligned with the contractile properties of the muscle
fibres they innervate (Rafuse et al., 1996), it is possible that these muscle characteristics
may shift toward slow-twitch fibres over time, as they are innervated by motoneurons
naturally controlling the soleus muscle. Additionally, Rafuse et al. (1997) showed that
chronic low-frequency stimulation of the cat medial gastrocnemius muscle leads to the
conversion of fast-twitch fibres to slow-twitch fibres. Therefore, even if the engrafted fast-

twitch fibres do not naturally convert to slow-twitch fibres, chronic low-frequency
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stimulation might be helpful to alter their characteristics and induce a shift toward slow-

twitch fibres, which should be investigated in future experiments.

Taken together, this study demonstrates the functional integration and normal contractile
forces in successfully regenerated skeletal muscle using tdTomato-expressing ES cell-
derived myoblasts. These findings underscore the potential of ES cells differentiated into
skeletal muscle fibres using a new method to restore muscle function after transplantation
as a therapeutic strategy for severe muscle injuries and genetic muscle diseases. Continued
advancements in this field hold promise for improving the standard of living for patients

suffering from these debilitating conditions.
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4.6 Figures

Figure 4.1. Transplanted, tdTomato expressing muscles generate the same contractile
forces as unoperated muscles. A) Representative traces of twitch and B) tetanic contractile
forces recorded from unoperated (blue trace) and tdTomato (red trace) expressing muscles
60-90 days after transplant. C) Quantification of the mean (£ SD) twitch (P=0.5986) and
D) tetanic (P= 0.4441) forces recorded from unoperated and tdTomato expressing soleus
muscles 60-90 days post-transplantation. (Welch’s t-test).
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Figure 4.2. Synaptic transmission at NMJs in transplanted muscles is normal. A)
Representative traces of mEPPs recorded from unoperated and tdTomato expressing
myofibres. B) Mean (= SD) mEPP amplitude (**** P <0.0001), C) mEPP frequency (P=
0.0675), D) mEPP rise time (p= 0.1744), E) mEPP half width (p= 0.0602) and F) mEPP
decay time (p= 0.9817) (Welch’s t-test) recorded from unoperated and tdTomato
expressing myofibres. G) Representative traces of evoked EPPs recorded from unoperated
and tdTomato expressing myofibres. H) Mean (= SD) EPP amplitude recorded from
unoperated and tdTomato expressing myofibres. P>0.9999 (Welch’s t-test). I) Mean (+
SD) quantal content in unoperated and tdTomato expressing soleus muscles. P= 0.4548
(Welch’s t-test).
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Figure 4.3. NMJs in tdTomato-expressing muscles are reinnervated by endogenous motor
axons. A) Representative image of tdTomato expressing soleus muscle fibres shows
colocalization of SV2 immunostaining and a-BTX labelling indicating that the NMJs were
functionally innervated, 60 days after cell transplant. Scale bar=50 um. B) Mean (+ SD)
endplates innervation percentage in unoperated and tdTomato expressing soleus muscles
60 days post-transplant. P= 0.0541 (Welch’s t-test). C) The image represents localization
of AChRs, marked with a-BTX, on longitudinal sections in unoperated and tdTomato
expressing soleus muscles. Scale bar= 500 um.
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Figure 4.4. Engrafted muscle fibres are fast-twitch fibres. A) Representative cross section
of an unoperated soleus muscle, immunostained for fast and slow myosin and Hoechest.
Image indicates combination of fast, slow and hybrid fibres. Scale bar 500 and 50 um. B)
Representative cross section of a tdTomato- expressing soleus muscle, immunostained for
fast and slow myosin. Transplanted muscle fibres are all fast-twitch fibres.
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Chapter 5: Gene Delivery to Embryonic Stem Cell-Derived Skeletal
Muscle Cells Using Ionizable Lipid Nanoparticles

5.1 Abstract

Lipid nanoparticles (LNPs) are advanced non-viral vectors developed for efficient gene
delivery, offering advantages over viral systems in terms of safety, biocompatibility, and
design adaptability. Initially designed based on liposomal structures, LNPs have been
extensively employed in delivering nucleic acids, such as messenger RNA (mRNA) and
pDNA, across various tissues. This study investigates the use of ionizable LNPs for the
delivery of pDNA into mouse ES cell-derived skeletal muscle cells. The objective was to
assess the transfection efficiency, cytotoxicity, and apolipoprotein E (ApoE)-dependence
of LNP-mediated gene delivery using the tdTomato reporter gene. Twenty-six different
concentrations of LNPs, with and without human ApoE isoforms (ApoE2 and ApoE4),
were tested in vitro. Results demonstrated that LNPs efficiently transfected the muscle
cells, and while LNP uptake did not rely solely on ApoE, its presence enhanced
transfection efficiency. LNPs selectively transfected myotubes, with minimal transfection
in non-muscle cells present in culture, indicating a high degree of cell-type specificity.
Importantly, no significant cytotoxicity or inhibition of myofibre formation was observed
over the time. These findings underscore the potential of LNPs as a safe and efficient tool
for skeletal muscle gene delivery, laying the groundwork for future in vivo gene therapy
experiments, such as the intramuscular injection of LNPs or the transplantation of LNP-
transfected cells into damaged, non-regenerating muscles.
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5.2 Introduction

One of the major challenges in gene therapy and the delivery of external DNA or RNA
polymers to target cells or organs is efficient delivery (Cullis & Hope, 2017; Whitehead
et al., 2009). The challenges in delivering naked RNA or DNA molecules are substantial.
These molecules are rapidly degraded by biological fluids and do not accumulate in target
tissues when administered systemically. Even if they manage to reach the target tissue,
they cannot easily enter the target cells. Additionally, the immune system is highly
efficient at detecting and eliminating vectors carrying genetic material, making it difficult
for these molecules to evade immune surveillance and achieve successful delivery (Bowie
& Unterholzner, 2008). To address these obstacles, LNPs have been developed as non-
viral carriers over recent decades (Felgner et al., 1987). LNPs are easy to formulate and
produce, have a lower likelihood of triggering immune responses, are biocompatible,
enable efficient absorption in the body, can carry larger genetic materials, are capable of
multiple doses, and are highly adaptable in design (Cullis & Hope, 2017; Sercombe et al.,
2015; Swetha et al., 2023; Swingle et al., 2021). Additionally, LNPs can be optimized for
specific cell targeting and therapeutic applications by adjusting the lipid-to-mRNA ratio
(Swetha et al., 2023). However, some challenges with LNP delivery still stands, such as
unintended interactions with serum proteins, rapid clearance, off-target effects, and

endosomal degradation (Swingle et al., 2021).

The development of LNP systems, which feature a hydrophobic core of neutral ionizable
lipids and polar regions carrying nucleic acids, was influenced by earlier research on
bilayer liposome structures (Cullis & Felgner, 2024; Cullis & Hope, 2017; Tenchov et al.,

2021). This was further supported by foundational research on lipid behavior, including
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studies on lipid polymorphism and asymmetry. Additionally, experience gained from
creating liposomal drug formulations, particularly for anticancer treatments, played a
significant role in shaping the design of modern LNP systems (Cullis & Felgner, 2024).
LNPs are now widely used to encapsulate and deliver various types of nucleic acids,
including pDNA (Ambegia et al., 2005; Wheeler et al., 1999), mRNA (Chen et al., 2023;
Du et al., 2023; Melamed et al., 2023; Polack et al., 2020; Thorogood et al., 2023; A. B.
Vogel et al., 2021), small interfering RNA (siRNA) (Rungta et al., 2013; Zimmermann et
al., 2006), immunostimulatory oligonucleotides (Raney et al., 2008; K. D. Wilson et al.,
2009), and antisense oligonucleotides (Maurer et al., 2001; Semple et al., 2001). The use
of LNPs has become increasingly popular in therapeutic applications, particularly since
the COVID-19 pandemic, during which SARS-CoV-2 mRNA vaccines (Moderna and

Pfizer/BioNTech) utilized LNP carriers (Corbett et al., 2020; A. B. Vogel et al., 2021).

LNP entry into cells occurs through endocytosis (Chatterjee et al., 2024; Patel et al., 2023;
Rungta et al., 2013). In organs with high concentrations of ApoE, such as the brain and
liver, ApoE serves as a crucial endogenous ligand, binding to ionizable LNPs and
facilitating receptor-mediated endocytosis through low-density lipoprotein receptors
(LDLR) (Patel et al., 2023; Yan et al., 2005). ApoE also plays a significant role in muscle
regeneration and is highly expressed in muscle satellite cells (B. I. Burke et al., 2023).
Additionally, very low-density lipoprotein receptors (VLDLR) are abundant in skeletal
muscle cells, facilitating ApoE binding and aiding endocytosis (Go & Mani, 2012; Iwasaki

et al., 2005).

LNPs have been shown to successfully transfect a variety of tissues, including the liver

(Jayaraman et al., 2012; Khan et al., 2014), lungs (Q. Li et al., 2020; Lokugamage et al.,
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2021; Parhiz et al., 2018), skin (Bolsoni et al., 2023), and brain (Palanki et al., 2023;

Rungta et al., 2013, 2015), however our knowledge on muscle transfection is limited.

In this study, we examined the transfection efficiency and cytotoxicity of various LNP
concentrations on ES cell-derived skeletal muscle cells in vitro. We employed ionizable
LNPs to deliver the tdTomato gene to these cells. A total of 26 different concentrations of
LNP-tdTomato, both with and without two human ApoE isoforms (ApoE2 and ApoE4),
were tested to determine the optimal concentration for transfecting muscle cells and to
investigate whether LNP uptake in muscle cells is ApoE-dependent After transfection, we
observed the cells for at least 16 days, monitoring signs of proliferation, myofibre
formation, and tdTomato gene expression. LNP uptake in muscle cells was efficient, with
a concentration of 4 pg/ml showing the best transfection results. While LNP transfection
was not entirely dependent on the presence of ApoE in the medium, both ApoE isoforms
enhanced LNP uptake. Throughout the observation period, no significant toxicity or
cellular damage was observed at any of the tested concentrations. The cells continued to
grow and consistently expressed the tdTomato gene. Additionally, LNPs demonstrated
effective selectivity, specifically targeting skeletal muscle cells without significantly
transfecting other cell types, such as fibroblasts, present in the culture. These results
indicate that the LNPs were well-tolerated by skeletal muscle cells at the tested

concentrations, providing efficient and highly selective gene delivery.
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5.3 Materials and Methods

5.3.1 Embryonic Body Formation

For this experiment, we used wild-type mouse ES cells (a gift from Gregory L. Cox, The
Jackson Laboratory). ES cells were quickly thawed and immediately transferred into a
tube containing Hanks' Balanced Salt Solution (HBSS) (Thermo Fisher Scientific).
Following centrifugation, the cell pellet was resuspended in ES cell medium. This medium
was prepared with 82.5 ml Knockout DMEM (Invitrogen), supplemented with 15 ml ES
Grade Fetal Bovine Serum (VWR), penicillin-streptomycin (Thermo Fisher Scientific), 1
ml 2-mercaptoethanol, 1 ml Nonessential Amino Acids (NEAA), 500 pl Hepes
(Invitrogen), 10 ul Mouse Recombinant LIF (Stemcell Technologies), 10 pl Mirdametinib,
and 10 pl GSK3p inhibitor (Stem Cell Technologies). The cells were then plated onto cell
culture dishes pre-coated with MTOC-treated PMEF in 5 ml of ES medium. Over the next
few days, the cells began forming colonies. Subsequent passages were performed every
two days, and once the ES cells reached sufficient growth, the medium was replaced to
initiate embryoid body formation. The cells were gently rinsed with HBSS, detached using
TripLE Express enzyme (Thermo Fisher Scientific). After centrifuge, the cells were
resuspended in differentiation medium, which was composed of 125 ml Neurobasal
medium (Invitrogen), 125 ml Advanced DMEM/F12 (Invitrogen), 2.85 ml 2-
mercaptoethanol (Embryomax), 2.85 ml Glutamax (Invitrogen), and 28.5 ml Knockout
Serum Replacement (Invitrogen). To purify the ES cell population, the cell suspension
was plated onto gelatin-coated dishes and incubated for 30 minutes, allowing PMEFs to

adhere to the gelatin layer. Non-adherent cells were collected, centrifuged, and
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resuspended. These cells were then cultured in suspension in differentiation medium at

37°C for two days to promote the formation of embryoid bodies.

5.3.2 ES Cell Differentiation to Skeletal Muscle

Embryoid bodies were generated and, after two days, transferred to suspension culture
dishes containing STEMDiff APEL medium (Stem Cell Technologies), supplemented
with 0.5 uM GSK3p inhibitor, 20 uM Forskolin, and 10 ng/mL bFGF (all from Stem Cell
Technologies) for a period of five days. Subsequently, three embryoid bodies were chosen
and plated into individual wells, each containing circular Thermanox coverslips that had
been pre-coated with Matrigel. The same STEMDiff medium, containing GSK3f
inhibitor, Forskolin, and bFGF were added. After three days, once the embryoid bodies
adhered to the coverslips, the medium was replaced with DMEM muscle medium (Thermo
Fisher Scientific) supplemented with 2% horse serum and 1% penicillin-streptomycin
(Thermo Fisher Scientific). The day of DMEM application was considered as day 0. The

cells were maintained in this medium until the end date which was refreshed every 3 days.

5.3.3 Culture Dissociation and Replating

The DMEM medium was discarded. The cells were then rinsed with EDTA (Thermo
Fisher Scientific) for 10 minutes. Afterward, 2X Trypsin EDTA and 10X DNase were
added to the cells, followed by gentle trituration to dissociate the cells. The resulting cell
suspensions were centrifuged, and the cell pellets were resuspended in muscle medium.
After counting the number of cells, 100,000 cells were replated in each cell culture wells,

each containing circular coverslips that had been pre-coated with Matrigel.
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5.3.4 LNP and ApoE transduction

On the second day after cell replating, LNPs at concentrations of 4, 2, 0.4, and 0.2 pg/ul
(produced by Dr. Pieter Cullis's laboratory, UBC Nanomedicines Research Group) were
prepared based on the pDNA concentration provided for each vial and diluted in 500 pl of
DMEM medium per well. Different concentrations of Recombinant Human ApoE2
(Abcam) or Recombinant Human ApoE4 (Peprotech) were added to the DMEM medium
containing LNPs and applied to each well. After 24 hours, the medium was discarded, and

fresh medium was added to each well.

5.3.5 Immunohistochemistry

Cultures were fixed in 4% PFA for 15 minutes. After fixation, cells were gently rinsed
three times with 1x PBS. The samples were then incubated overnight at 4°C with primary
antibody, mouse rabbit anti-desmin IgG (1:1000, Abcam), which was diluted in a solution
of 1% BSA (VWR) in PBS with 0.5% PBS-Triton. Following three additional washes with
PBS, secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500,
Invitrogen) was applied for 1-2 hours at room temperature in the dark. After another series
of PBS rinses, nuclei were stained with Hoechst 33342 (Sigma-Aldrich) at 0.1 pg/ml in
PBS for 10 minutes. Following the final wash, circular coverslips were mounted onto
microscope slides using a lab-prepared mounting medium composed of 1:2 glycerol in 1x

PBS, with 0.03 mg/ml p-phenylenediamine.

5.3.6 Western blot
After washing with HBSS, cells were lysed using cold RIPA buffer (Thermo Fisher
Scientific) containing protease inhibitor cocktail tablets (Complete Mini, Roche

Diagnostics, Mannheim, Germany). The lysed cells were kept at 4°C for 30 minutes and
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then centrifuged at 14,000 RPM for 20 minutes at 4°C. The pellets were discarded, and
the protein concentration of the supernatants was determined using a BCA assay (Pierce
BCA assay kit, Thermo Fisher Scientific). A 4X SDS sample buffer was prepared by
mixing 4 ml of 10% SDS, 2 ml of glycerol, 0.309 g of dithiothreitol, and 0.2 g of
bromophenol blue in 50 ml of distilled water. The samples were boiled for 10 minutes and
separated on a 10% acrylamide gel. Following electrophoresis, the proteins were
transferred onto an Immuno-blot PVDF membrane (BIO-RAD), which was blocked for 1
hour at room temperature with 4% milk in TBS-T. The membranes were then incubated
overnight with primary antibodies—rabbit anti-desmin IgG (1:1000, Abcam) or rabbit
anti-RFP IgG (1:1000, Rockland), both diluted in 1% milk in TBS-T. After washing, the
membranes were incubated with an HRP-conjugated goat anti-rabbit IgG secondary
antibody (1:10000, Cell Signaling Technology) for 1 hour at room temperature. Protein
bands were detected using chemiluminescence (Thermo Fisher Scientific) and visualized
on high-performance chemiluminescence film (GE Healthcare). The blots were then
stripped using stripping buffer (Thermo Fisher Scientific), re-blocked, and re-probed with
rabbit anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) IgG (1:5000,
Rockland) as the primary antibody, followed by incubation with the same HRP-conjugated
secondary antibody mentioned above. The films were developed, and protein band sizes

were analyzed using ImagelJ software.

5.3.7 Imaging
Images were captured using an upright fluorescent microscope (Leica Instruments), and

the subsequent image analysis was conducted using Zen-Blue software (Zeiss).
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5.3.8 Statistical Analysis
Statistical analysis and graph generation were performed using GraphPad Prism (version
10) software. Multiple comparisons were done using Brown- Forsythe and Welch

ANOVA tests. Data were presented as mean = SD, and statistical significance was set at

P <0.05.

5.4 Results

5.4.1 LNPs Transfect ES Cell-Derived Skeletal Muscle Cells

LNPs are among the most advanced drug delivery systems used in clinical applications.
To date in addition to the mRNA vaccines, six other LNP-based medications have received
FDA approval for clinical treatments (T. M. Allen & Cullis, 2004; P. J. C. Lin et al., 2013).
These nanoparticles can deliver various nucleic acid forms into the cells (Jung et al., 2022;
Samaridou et al., 2020) Although LNPs have been shown to transfect a range of tissues,
such as neural cells in the brain (Rungta et al., 2013) and hepatocytes in the liver
(Jayaraman et al., 2012; Khan et al., 2014), we aimed to determine whether LNPs could
also be taken up by skeletal muscle cells and deliver tdTomato pDNA into these cells.
Previous studies have demonstrated that neurons and hepatoma cells rely on ApoE for
efficient LNP uptake, as ApoE plays a crucial role in cholesterol and lipid transport in both
liver and brain tissue (Han, 2004; Mahley & Rall, 2000; Nuriel et al., 2017). ApoE, by
adsorbing onto the LNPs, bind these nanoparticles to its receptors and facilitate LNP
endocytosis (Patel et al., 2023; Yan et al., 2005). Thus, we investigated whether ApoE is

similarly required for LNP transfection of the muscle cells.
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For this experiment, wild-type mouse ES cell-derived skeletal muscle cultures were used.
After the cells had matured, they were dissociated, replated, and allowed to settle for two
days. We then exposed the cells to 26 different concentrations of LNPs carrying the
tdTomato gene, in the presence or absence of recombinant human ApoE isoforms (ApoE2
and ApoE4). Specifically, we tested four concentrations of LNP- tdTomato (4 ug/ml, 2
pg/ml; 0.4 pg/ml, and 0.2 pg/ml), each with varying ApoE2 or ApoE4 concentrations (0,
0.1 pg/ml, 0.2 pg/ml, 1 pg/ml and 2 pg/ml). After 24 hours, the medium was washed, and
the cells were allowed to grow at least 15 days post-transfection. The process is illustrated

in Figure. 5.1A.

Figure 5.1B depicts myofibre cultures treated with 4 ng/ml LNP- tdTomato in the presence
and absence of 1 or 2 pg/ml ApoE2 or ApoE4, 15 days post-transfection. Western blot
analyses were performed after lysing the cells, and desmin and tdTomato expression levels
were normalized to GAPDH level a house keeping protein. Ultimately, the
tdTomato/desmin ratio was calculated for each sample. Western blot results indicated that
cells treated with 4 pg/ml LNP-tdTomato (Fig. 5.1C) exhibited the highest
tdTomato/desmin ratio, compared to those treated with 2 pg/ml (Fig. 5.1D), 0.4 pg/ml
(Fig. 5-1E), and 0.2 pg/ml (Fig. 5-1F). No significant differences were observed between
the samples within each LNP group, nor between the 2 pg/ml (Fig. 5.1D) and 4 pg/ml
LNP groups (Fig. 5.1C). Similarly, no differences were detected between the 0.4 pg/ml
(Fig. 5.1E) and 0.2 pg/ml (Fig. 5.1F) LNP groups. The comparison of tdTomato levels to
desmin level indicated that 0.4 pg/ml (Fig. 5.1E) and 0.2 pg/ml (Fig. 5.1F) LNPs were
insufficient to transfect the cells in each culture well. When comparing higher LNP

concentrations, although there was no substantial difference in transfection efficiency
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between the 2 pug/ml (Fig. 5.1D) and 4 pg/ml (Fig. 5.1C) concentrations, the 4 pug/ml group
showed overall better results. Furthermore, unlike in neural and hepatoma cells, LNP
uptake by skeletal muscle cells was not entirely dependent on ApoEs. However, the
presence of ApoEs, particularly ApoE4, enhanced transfection efficiency and resulted in

higher tdTomato expression in the muscle cells.

5.4.2 LNP Transfection of Skeletal Myofibres is Long-Lasting

Skeletal muscle cultures were monitored at various time points after transfection to assess
the longevity of tdTomato expression during myoblast growth and maturation into
myofibres, as well as to determine whether LNP-tdTomato exhibit any toxicity that could
damage the myofibres. Figure 5.2 illustrates the myofibre cultures on days 4, 8, and 16
post-transfections, where the myofibres continue to strongly express tdTomato and
maintain a healthy appearance. Notably, these cultures exhibited no signs of cell stress or

damage, which is indicative of the biocompatibility of the LNPs used in this study.

Furthermore, while the figure captures the results up to day 16, it is important to note that
these cell cultures have been observed to survive for up to two months while still
expressing tdTomato (data not shown). This suggests that the pPDNA introduced via LNPs
remains stable and effective for an extended period. Additionally, the lack of any adverse
effects on the muscle cells’ development further demonstrates that the LNP-based delivery

system is not toxic to the cells, nor does it inhibit the maturation of myofibres.

This long-term stability and non-toxicity of LNP-mediated transfection make it a
promising tool for gene delivery in skeletal muscle cells, particularly for research and

therapeutic applications that require sustained gene expression.
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5.4.3 LNPs Transfect the Myotubes Selectively

Interestingly, while studying the transfection of myotubes using LNP- tdTomato, we
discovered that these vectors selectively transfect skeletal myotubes. This is noteworthy
because the muscle cultures used were not 100% pure and contained other cell types, such
as fibroblasts. As shown in Figure 5.3, the cells were fixed and immunostained for muscle-
specific marker, desmin and Hoechst. The fibres expressing tdTomato largely co-
expressed desmin, confirming their identity as myotubes. The Hoechst -stained nuclei
which did not co-label with either tdTomato or desmin indicate the presence of non-muscle

cell types, such as fibroblasts, within the culture.

This selective transfection suggests that LNPs have a strong preference for skeletal muscle
cells, even in mixed cell populations, making them particularly effective for gene delivery
to muscle cells. This specificity has significant implications for muscle gene therapy, as
LNPs could be utilized to target muscle cells without affecting surrounding non-muscle

cells, minimizing off-target effects.

5.5 Discussion

The efficient delivery of genetic material to target cells within living organisms has been
a persistent obstacle in gene therapy. However, recent innovations, particularly in lipid-
based technologies, have provided a means to overcome these limitations. LNPs have
emerged as a breakthrough solution, facilitating the effective delivery of nucleic acid-
based vaccines and therapies, thus transforming the landscape of gene therapy and
unlocking new treatment possibilities for a broad range of diseases (Cullis & Felgner,
2024). Compared to viral vectors, LNPs offer numerous advantages, including enhanced
safety profiles, improved tolerability, the capacity to encapsulate large nucleic acids, and
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the potential for repeated dosing. Additionally, LNPs are more economical and easier to
produce. These features, coupled with their ability to enable personalized, targeted
treatments within weeks, have contributed to their rising popularity in fields such as gene
therapy and mRNA vaccine development (Cullis & Felgner, 2024). One limitation of
current LNP systems is their inability to deliver DNA to the nucleus of non-dividing cells,
which limits gene expression in these cells. However, gene writing technologies that use
mRNA to insert DNA sequences selectively may overcome this challenge (Pallares-

Masmitja et al., 2021).

LNP systems have evolved from liposomal platforms, which are versatile nanocarriers
designed to transport a range of compounds, from small molecules to proteins and genetic
materials. As the first nanomedicine delivery system to move from theoretical
development to clinical application, several liposomal formulations have gained
regulatory approval and are currently in use (Cullis & Felgner, 2024; Cullis & Hope, 2017,
Tenchov et al., 2021). LNPs facilitate cellular uptake through endosomal pathways, where
the ionizable cationic lipids become protonated in the acidic endosomal environment. This
protonation triggers interactions with naturally occurring anionic lipids, leading to the
formation of non-bilayer structures that disrupt the endosomal membrane. This process
enables the release of the nucleic acid cargo into the cytoplasm, where it is subsequently

transported to the nucleus for transcription (Buck et al., 2019; Cullis & Felgner, 2024).

To date, LNPs have successfully delivered various nucleic acids, such as pDNA (Ambegia
et al., 2005; Wheeler et al., 1999), mRNA (Polack et al., 2020), siRNA (P. J. C. Lin et al.,
2013; Zimmermann et al., 2006), and anti-sense oligonucleotides (Maurer et al., 2001;

Semple et al., 2001), targeting a wide range of tissues. These include the liver (Jayaraman
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etal., 2012; Khan et al., 2014), lungs (Q. Li et al., 2020; Lokugamage et al., 2021; Parhiz
et al., 2018), T cells (Rurik et al., 2022), endothelial cells (Parhiz et al., 2018; Sago et al.,
2018), pancreas (Melamed et al., 2023), kidney (Lai et al., 2018), skin (Bolsoni et al.,
2023), and heart (Evers et al., 2022). Direct LNP injections into the brain (Palanki et al.,
2023; Rungta et al., 2013, 2015) and eyes (Herrera-Barrera et al., 2023) have also been
documented. The success of COVID-19 mRNA vaccines has increased interest in LNP-
based mRNA delivery. Chen et al. (2023) developed and optimized iso-A11B5C1, an
ionizable lipid that targets muscle tissue with intramuscular delivery while limiting off-
target effects on the liver and spleen. This method also triggered strong cellular immune
responses. Additionally, a comparison of LNP-mRNA vaccines delivered through
intramuscular and hydrodynamic limb vein (HLV) injections in mice showed that HLV
injection provided broader and more even mRNA distribution across muscle groups,
reduced muscle damage, and caused a milder inflammatory response, making it a better
option for applications needing less tissue injury (Du et al., 2023). However, these studies
focused on the immune system response and did not examine the extent of LNP uptake by
muscle cells. In this study, we investigated the ability of an LNP-pDNA system to enter
skeletal muscle cells in vitro and analyzed the subsequent expression of the gene of interest
in muscle fibres. This research lays the groundwork for future in vivo intramuscular
injections of these vectors, or the transplantation of skeletal muscle cells transfected by

these LNPs.

A study by Bisgaier et al. (1989) found that liposome uptake into hepatoma cells in vitro
was doubled in the presence of ApoE, while other types of apolipoproteins, specifically

ApoE A-IV and ApoE A-I, reduced LNP insertion into the cells. Additionally, Akinc et
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al. (2010) observed that LNPs encapsulating siRNAs for gene silencing were more
effectively taken up by HeLa cell cultures in the presence of ApoE isoforms (ApoE2,
ApoE3, or ApoE4). They also found that in vivo, LNP uptake was facilitated in the liver
when endogenous ApoEs were present, while this uptake was completely abolished in
ApoE knockout mice. This is because ApoE adsorption to LNPs allows recognition by
scavenger and LDLRs located on hepatocyte surfaces. In addition to the liver, Rungta et
al. (2013) studied LNP-siRNA uptake in both primary neuronal cultures in vitro and brain
neurons through intracranial injections in vivo. Since ApoE is a major brain lipoprotein
synthesized in astrocytes, they explored its role in LNP uptake by primary neuronal cells
in the presence or absence of ApoE4, finding that LNPs were taken up by the cells in an
ApoE-dependent manner. However, Parhiz et al. (2018) demonstrated that LNPs
encapsulating mRNA conjugated with antibodies specific to the vascular cell adhesion
molecule PECAM-1, designed to prevent liver uptake after systemic administration, were
taken up to the lung cells in an ApoE-independent manner. It is known that ApoEs play a
significant role in skeletal muscle regeneration and are highly expressed in quiescent
satellite cells, with expression decreasing upon satellite cell activation (B. I. Burke et al.,
2023). Interestingly, satellite cells derived from ApoE knockdown mice exhibit delayed
activation and differentiation when cultured ex vivo, as well as reduced proliferation and
differentiation in vitro (Barlow et al., 2021). In an in vivo skeletal muscle regeneration
study, involving mice homozygous for either the human ApoE2, ApoE3, or ApoE4 allele,
after TA muscle damage through barium chloride (BaCl.) injections, no differences were
observed among ApoE isoforms in their ability to activate muscle regeneration (B. I. Burke
et al., 2023). Given ApoE’s role in LNP uptake, our study aimed to investigate whether

ApoEs influence LNP-pDNA uptake by ES-cell derived skeletal muscle cells in vitro. Our
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findings revealed that muscle cells do not necessarily rely on ApoEs for LNP uptake,

though both ApoE2 and ApoE4 improved the transfection efficiency.

LNPs overall are recognized as a safe drug delivery system. In a study assessing the
cytotoxicity of three different LNP formulations—anionic, neutral, and cationic—
encapsulating siRNAs in both adherent and non-adherent cell lines, results indicated that
LNPs were largely non-toxic at conventional gene delivery concentrations. No significant
reduction in cell viability was observed with anionic and neutral LNPs. However, cationic
LNPs demonstrated some toxicity and reduced cell viability in adherent cells at higher
concentrations (Syama et al., 2022). Ionizable LNPs, which change charge based on pH
levels, exhibit lower toxicity compared to permanent cationic LNPs. This reduced toxicity
is due to their protonation in acidic environments, making them less harmful in
physiological conditions (Tang et al., 2023). Despite the safety profile, LNPs have a
tendency to accumulate in the liver and spleen due to high ApoE concentrations, presenting
a minor risk of hepatotoxicity (Bitounis et al., 2024; Tang et al., 2023). In our experiment,
although we did not conduct a formal cell viability test (which could be included in future
studies), we observed the cells for at least 16 days post-transfection. During this period,
no toxicity or cell damage was noted at any of the concentrations we tested. The cells
continued to proliferate, form long myofibres, and express the tdTomato gene. In future

studies, higher LNP concentrations could be explored to further assess potential toxicity.

Furthermore, our study revealed the selective transfection of skeletal myotubes by LNPs,
with little to no transfection observed in non-muscle cells such as fibroblasts. This
specificity is significant, as it suggests that LNPs can target muscle cells effectively in

mixed cell populations, minimizing off-target effects. Such selective targeting could have
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important implications for muscle gene therapies, where precise delivery to muscle cells

is critical for therapeutic efficacy and safety.

In conclusion, our study supports the use of LNPs as a safe and effective tool for gene
delivery in skeletal muscle cells. The long-lasting expression, low toxicity, and selective
transfection of myotubes make LNPs a promising candidate for further development in
muscle gene therapy. Future research should continue to explore in vivo applications,
including direct injection of LNPs into healthy skeletal muscle, as well as the
transplantation of cells transfected by these vectors into injured, non-regenerating skeletal

muscles.
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5.6 Figures

Figure 5.1. LNP- tdTomato efficiently transfect the myoblast/ myotube cultures in vitro.
A) Schematic illustration of myoblast/myotube culture transduction with LNPs
encapsulated pDNAs in vitro. B) Myoblast/myotube cultures 15 days post-transfection
with 4 pg/ml LNP- tdTomato, in the absence or presence of 1 ug/ml or 2 pg/ml ApoE2 or
ApoE4, immunostained for desmin (green) and tdTomato (red). Scale bar = 100 um. C)
Western blot analysis and mean (= SD) of tdTomato/Desmin ratio in cell groups of
myotube culture homogenates 15 days post-treatment with 4 pg/ml LNP- tdTomato and
0, 1, or 2 ng/ml ApoE2 or ApoE4 (Brown-Forsythe and Welch ANOVA). D) Western blot
analysis and mean (= SD) of tdTomato/Desmin ratio of cell groups transfected with 2
pg/ml LNP- tdTomato and 0.1, 0.2, 1, or 2 pg/ml ApoE2 or ApoE4 (Brown-Forsythe and
Welch ANOVA). E) Western blot analysis and mean (£ SD) of tdTomato/Desmin ratio of
cell groups transfected with 0.4 pg/ml LNP- tdTomato and O, 1, or 2 pg/ml ApoE2 or
ApoE4 (Brown-Forsythe and Welch ANOVA). F) Western blot analysis and mean (+ SD)
of tdTomato/Desmin ratio of cell groups transfected with 0.2 pg/ml LNP- tdTomato and
0.1, 0.2, 1, or 2 pg/ml ApoE2 or ApoE4 (Brown-Forsythe and Welch ANOVA).
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Figure 5.2. tdTomato expression via LNP transfection remains stable over an extended
period. A) Myoblast/myotube cultures transfected with 4 pg/ml LNP- tdTomato and 2
pg/ml ApoE4, immunostained for tdTomato (red) on days 4, 8, and 16 in vitro. Scale bar
=100 pm
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Figure 5.3. Selective transfection of myotubes via LNPs. A) Myoblast/myotube cultures
transfected with 4 pg/ml LNP-tdTomato and 2 pg/ml ApoE4, immunostained for
tdTomato (red), desmin (green), and Hoechst (purple). Scale bar = 100 pum.
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Chapter 6: General Discussion

All studies included in this thesis collectively aimed to advance the field of skeletal muscle
regeneration and function restoration, with a particular emphasis on the development and
validation of innovative techniques utilizing ES cell-derived myoblasts and optogenetics.
These investigations have thoroughly explored methods to produce functional ES cell-
derived myoblasts that express external genes of interest, which could be transplanted into
injured or denervated muscles to regenerate skeletal muscle and restore muscle function
in cases of severe injury and paralysis, highlighting the potential therapeutic applications,

particularly using optogenetics.

Additionally, the study has investigated the ability of the regenerated muscles, achieved
through the transplantation of ES cell-differentiated myoblasts into notexin-injured
muscles with regeneration impeded by irradiation, to establish functional NMJs. Also, we
compared the force produced by these regenerated muscles and their intracellular

characteristics with the non-operated normal muscles.

Finally, to explore the novel and alternative ways to introduce exogenous genes into ES
cell-derived myoblasts, we investigated the efficiency of ionizable LNPs for gene transfer
into these cells. Our findings demonstrate that LNPs achieve high transduction specificity
with no observed cytotoxicity, indicating their suitability as a promising tool for gene

delivery into skeletal muscles.

This general discussion synthesizes the key findings from these studies, situates them
within the broader landscape of muscle regeneration research, and underscores the

significant implications for future therapeutic strategies.
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6.1 Stem Cell-Based Muscle Regeneration

This thesis primarily concentrated on differentiating mouse ES cells into functional
skeletal muscle cells, capable of expressing external genes such as ChR2 for use in
optogenetic applications. The successful differentiation of ES cells into myoblasts, as
demonstrated in the chapter 2, represents a pivotal advancement, particularly in generating
myoblasts that express crucial skeletal muscle-specific markers, including myosin and
desmin. These differentiated cells were shown to maintain their viability in vitro for
extended periods, highlighting their potential for therapeutic applications in the realm of
muscle transplantation and regeneration. Our differentiation method employed three
substances, specifically forskolin, bFGF, and BIO, which were reported by C. Xu et al.
(2013) to be beneficial for the myogenesis of hiPSCs. However, our findings indicated a
much faster differentiation and maturation process for mouse skeletal muscle cells cultured
in vitro compared to their study. Furthermore, a detailed examination of the developmental
characteristics of these differentiated cells revealed proper differentiation from quiescent
satellite cells toward mature myofibres, alongside a concurrent repopulation of the satellite

cell pool.

Our differentiation protocols employed were not only effective in generating myoblasts
but also successful in producing functional muscle fibres capable of responding to optical
stimuli. These studies underscore the capacity of these cells to express external genes, such
as tdTomato and ChR2. The production of ChR2-expressing myoblasts facilitates the
development of muscle fibres that can be controlled via light stimulation, a capability that
is suitable for potential clinical applications, especially in treating conditions involving

denervated muscles that have become permanently paralyzed.
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Moreover, the use of AAV vectors for gene transduction further demonstrated the
versatility of this approach. The AAV-mediated transduction of ChR2 into ES cell-derived
myoblasts provided an alternative to creating transgenic lines, offering a more
straightforward and potentially clinically applicable method for generating optically
responsive muscle tissue. This is particularly significant as it opens up new avenues for
non-transgenic therapeutic strategies, which could be more readily translated into human

clinical applications.

However, one concern remains: the wild-type ES cell-differentiated myofibres were all
the fast-twitch type, and none of the fibres expressed slow MHC:s. It is possible that these
fast-twitch fibres might switch to expressing slow MHC after more sustained activation.
We have not yet examined the ChR2-expressing myofibres to determine if there is any
difference in fibre types since these cells can be more frequently activated through light

stimulation, and this aspect should be thoroughly investigated in future studies.

Overall, we successfully produced functional skeletal muscle cells in vitro, exhibiting all
the characteristic features of skeletal muscles, making them suitable for transplantation

and cell replacement therapy in vivo.

6.2 Myoblast Transplantation

The American Society of Gene and Cell Therapy defines “cell therapy” as the process of
administering live, intact cells or promoting the expansion of a specific cell population
within a patient to treat various diseases (Negroni et al., 2016). Interestingly, the first
successful instance of cell therapy occurred as early as 1665 in the United Kingdom, with

the inaugural blood transfusion performed on dogs (Lower, 1665). Over time, blood
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transfusions have evolved into a routine medical procedure. Subsequent advancements in
transplantation have included bone marrow transplants, and epidermal grafting for severe

injuries (Cossu et al., 2018).

The field of myogenic cell transplantation began in 1989, leading by the pioneering work
of Partridge et al. (1989), who initiated the engraftment of normal muscle myoblasts into
the EDL muscles of mice with DMD. Their work demonstrated an increase in dystrophin
levels within these treated muscles. Following this, the first human clinical trials
commenced in the early 1990s, targeting individuals with DMD. Between 1990 and 1993,
six independent clinical trials were conducted, involving the injection of healthy myoblasts
into the muscles of young DMD patients aged 5 to 20 years (Gussoni et al., 1992; Huard
etal., 1991, 1992; Karpati et al., 1993; Law et al., 1990). However, the range of dystrophin
expression observed in these studies varied widely, from as little as 1% in one study to as
much as 10-40% in another. Moreover, the improvements in muscle strength were modest
at best, with some cases showing no improvement or even a decline in muscle function.
These early clinical attempts were limited in their success, and by 1994, Cho (1994) had
argued in a publication that the continuation of myoblast transfer trials, as they were being
conducted, was unethical. Although early trials had limited success, these groundbreaking
studies demonstrated the potential of cell therapy for skeletal muscle regeneration. since
then, numerous myogenic cell transplantation efforts have continued, including the use of
satellite cells, myoblasts, pluripotent stem cell-derived myogenic progenitors, and other
types of progenitor cells from various sources, all in pursuit of optimal outcomes (Boyer

et al., 2021). More recently, significant progress has been made in bioengineering, with
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many studies focusing on engineering muscle tissues to improve the effectiveness of grafts

(Bursac et al., 2015).

After conducting successful muscle replacement, one of the main challenges that remains
is insufficient innervation by endogenous motor axons (Judson & Rossi, 2020; Quarta et
al., 2017). Therefore, not only are cell engraftment and proliferation crucial, but proper

innervation of the regenerated fibres is also essential to restore muscle functionality.

In this thesis, we demonstrate one of the most successful muscle recovery models to date.
By generating functional ES cell-derived myoblasts and transplanting them into
completely destroyed muscle tissue with no potential for regeneration, we not only
restored muscle mass but also achieved full functional recovery. This includes the
successful transplantation of myoblasts expressing tdTomato and ChR2, leading to the

complete restoration of muscle force.

Additionally, it was intriguing to discover that chimeric innervation between the
regenerated muscle with the transplanted cells, along with endogenous motor axons,
occurred in approximately the same location where natural NMJs are found in unoperated
muscles. This phenomenon is attributed to the cues provided by the ECM scaffolds, which
guide the formation of AChRs (Anglister et al., 1985). Notexin, a type of myotoxin,
deteriorates muscle fibres and the plasma membrane without damaging satellite cells,
blood vessels, or the ECM (Gutiérrez & Ownby, 2003; Harris, 2003; Harris et al., 2003;
Plant et al., 2006). As a result, transplanted cells grow into the remaining basal lamina
tubes, allowing NMJs to establish themselves in nearly the same location as they were

previously (Harris, 2003).
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6.3 Muscle Activation via Optogenetics

Despite decades of research into muscle progenitor cell transplantation, the field of muscle
optogenetics is still in its infancy, representing a highly novel area of study. Optogenetics
involves the integration of genetic and optical techniques to control and modulate specific
cellular functions within living tissues, either by enhancing or inhibiting particular
activities (Deisseroth, 2011). The optogenetic toolbox includes light-sensitive proteins

capable of altering membrane potential in response to light (Natasha et al., 2013).

The first opsin, bacteriorhodopsin, was discovered in 1971, and shortly thereafter, other
opsins were identified: halorhodopsin (Matsuno-Yagi & Mukohata, 1977), ChR1 (Nagel
etal., 2002), and ChR2 (Nagel et al., 2003). It was not until 2005 that Boyden and his team
successfully expressed ChR2 in mammalian neurons for the first time (Boyden et al.,
2005). Since then, extensive research has been conducted to express ChR2 in neurons to
activate neural circuits, and more recently, optogenetic applications have been explored in
cardiac and skeletal muscle tissues, both in vitro and in vivo (Bruegmann et al., 2010;

Crocini et al., 2016; Magown et al., 2015; Rousseau et al., 2023; Zaglia et al., 2015).

In our study, introducing the ChR2 gene into ES cell-derived myofibres, either through
AAV or via transgenic method, led to successful contraction of the fibres when blue light
from a fluorescent microscope was applied. On occasion, the light-evoked depolarizations
were so strong that the fibres were torn from the Matrigel substrate, necessitating careful

examination of these cells for their light response.

Additionally, transplanting these cells into soleus muscles to inhibit regenerative capacity,

followed by notexin-induced injury, resulted in light-evoked muscle contractions. The
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muscle force generated was comparable to that produced by neural stimulation in the case
of myoblasts expressing ChR2 transgenically. However, when myoblasts transduced with
AAV-PHP.eB-CAG-ChR2-EYFP were engrafted, although the muscles were responsive
to light stimulation and generated force, it was slightly lower than the force produced by
neural stimulation. This discrepancy in force magnitude between neural and optical
stimulation warrants further investigation in future studies, and possible reasons are

discussed below.

6.4 Future Directions

6.4.1 ChR2 Gene Delivery into Myofibres via AAV Transfection

AAVs are extensively utilized as vectors in gene therapy and are one of the viral vectors
approved for delivering genes to humans, primarily due to their highly favorable safety
profile, which is attributed to the complete removal of viral coding sequences (Cohen et
al., 2023; Mingozzi & High, 2013; D. Wang et al., 2019). In AAVs, the transgene, which
is controlled by a promoter, is encapsulated within a viral capsid for targeted delivery to
specific cells. In optogenetics, the transgene often encodes an opsin—commonly ChR2—
and the capsid serotype is chosen based on its preferential affinity for the desired cell type
(Cohen et al., 2023). AAVs predominantly persist in host cells as episomal DNA, meaning
they exist as separate DNA molecules within the nucleus, without integrating into the
host's chromosomal DNA, although they can rarely integrate into the genome. This
episomal state allows for prolonged transgene expression, particularly in non-dividing

cells such as neurons and mature myofibres (Penaud-Budloo et al., 2008).
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In 1996, two studies reported on the intramuscular injection of AAV vectors into the
hindlimb muscles of mice, both demonstrating the long-term survival of the transferred
genes in skeletal myofibres. Xiao et al. (1996) observed that AAVs carrying lacZ persisted
for 19 months in the TA muscle, while Kessler et al. (1996) found gene expression lasting
for at least 8 months. While AAVs are effective at durably transfecting mature myofibres,
Arnett et al. (2014) found that rAAV6 preferentially transduces differentiated myofibres
but does not efficiently transfect muscle precursor cells, either in vitro or in vivo. In their
experiment, C2C12 myoblasts were transduced with rAAV6-CMV-BGal at a MOI of 100,
with cells passaged every two days and diluted 1:10, resulting in the loss of 90% of the
population with each passage. Additionally, they demonstrated that intramuscular
injection of rAAV6-CMV-AP into the EDL muscle at different time points after notexin-
induced injury, which stimulates muscle regeneration via satellite cell activation, was more
successful when the injection occurred at a later stage. Specifically, AAV transduction
efficiency increased five-fold when the vector was injected four days after injury
compared to two days post injury, correlating with their in vitro findings that AAVs are
more likely to transduce developed myofibres rather than satellite cells. Thus, one of the
significant limitations of AAVs is their inability to effectively transfect proliferating
muscle precursor cells, with transfection being largely restricted to non-dividing myofibres
(Lu et al., 2003). However, a contrasting study reported that AAV9-treated TA muscles,
when grafted into immune-deficient mice, underwent necrosis and subsequent
regeneration from the satellite cells of the grafted muscle. The regenerated muscles
expressed the gene delivered by AAV, suggesting that satellite cells had been transfected

by the vector (Nance et al., 2019).
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Due to these conflicting observations regarding AAV transfection of satellite cells, it is
necessary to examine the ability and efficiency of AAV-PHP.eB-CAG-ChR2-EYFP in
transfecting satellite cells compared to mature myofibres in future studies. This is because,
for transplantation, muscle fibres must be dissociated into single myoblasts, which then
proliferate and re-form new muscle fibres in vivo. Thus, it is essential that the satellite cells
responsible for muscle regeneration express ChR2. Otherwise, due to AAVs' inability to
integrate into the host genome, the ChR2 gene may become diluted over successive cell

divisions.

Additionally, a potential explanation for the lower optical force observed could be that not
all fibres were infected by the virus, leading to incomplete ChR2 expression in the muscle,

which requires further investigation in future studies.

Another potential future experiment could involve the intramuscular injection of AAV-
PHP.eB-CAG-ChR2-EYFP after regenerating muscle by transplanting wild-type ES cell-
derived myoblasts. The results could then be compared to ones obtained from myoblast

transfection prior to transplantation.

6.4.2 ChR2 Gene Delivery into Myofibres via LNPs

LNPs have garnered significant attention for their ability to deliver a range of therapeutic
agents, particularly nucleic acids, and gene therapy treatments (Cullis & Hope, 2017; Hou
et al., 2021; Mukai et al., 2022). A prime example of the impact of these delivery systems
on public health is the successful use of LNP carriers in mRNA-based COVID-19 vaccines

(Moderna and Pfizer/BioNTech) (Corbett et al., 2020; A. B. Vogel et al., 2021). Beyond
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mRNA vaccines, several other FDA-approved medications utilizing LNP carriers are

currently being used in clinical trials (T. M. Allen & Cullis, 2004; P. J. C. Lin et al., 2013).

LNPs are relatively simple to formulate and manufacture, exhibit low immunogenicity,
are biocompatible, and promote efficient absorption within the body. They can encapsulate
larger genetic materials, support multiple dosing regimens, and offer considerable
flexibility in design (Cullis & Hope, 2017; Sercombe et al., 2015; Swetha et al., 2023;

Swingle et al., 2021)

LNPs enter cells via endocytosis (Chatterjee et al., 2024; Patel et al., 2023; Rungta et al.,
2013). Ionizable lipids, a key component of LNPs, not only aid in the encapsulation of
nucleic acids and mRNA but also facilitate efficient endosomal escape and the release of
these molecules once the LNPs are internalized by cells (Mukai et al., 2022; Rietwyk &
Peer, 2017). The liver, particularly hepatocytes, is the primary site of LNP uptake
following intravenous administration due to the strong interaction between LNPs and
ApoE in the bloodstream and the high concentration of LDLR on these cells (Akinc et al.,
2010). This mechanism has also been observed in neurons in the brain (Rungta et al.,
2013). Additionally, skeletal muscle cells express VLDLR, which mediate ApoE
endocytosis (Go & Mani, 2012; Iwasaki et al., 2005). Importantly, our in vitro studies
revealed that while LNP uptake by skeletal muscle cells is not entirely dependent on ApoE,

but the presence of ApoE enhances this process.

Given these advantages, our research demonstrated that LNPs efficiently delivered pDNA
to skeletal muscle cells and showed a strong tendency to transfect muscle cells over non-

muscle cells that were present in the culture. This finding suggests the potential for
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expanding the study to in vivo models by transplanting LNP-transfected myoblasts into
irradiated and notexin-injected muscles to assess whether regenerated muscles can express

the exogenous gene delivered by LNPs.

Additionally, as Cullis & Felgner (2024) pointed out, current LNP systems effectively
deliver encapsulated pDNA into the cytoplasm, resulting in significant transfection in
rapidly dividing cells, both in vitro and in vivo, due to nuclear membrane breakdown
during cell division. Therefore, it is likely that transplanting LNP-ChR2 transfected
myoblasts may yield better results compared to AAV-ChR2 transduced myoblasts. So,
comparing the results between these two transplantation approaches could provide

valuable insights.

6.4.3 Channelrhodopsin-2 Types

The variant of ChR2 used in all our experiments was ChR2-H134R, one of the most widely
utilized versions of ChR2. This variant features a mutation at position 134, where histidine
is replaced by arginine, resulting in larger stationary photocurrents and greater ion flows
compared to the wild-type ChR2. However, this alteration also slows the channel's kinetics
(Bruegmann et al., 2010; J. Y. Lin, 2011; Nagel et al., 2005; Tanaka & Okusa, 2018). The
delayed channel closing time, approximately 20 ms, can affect the consistency of repetitive
stimulation at frequencies above 30 Hz in skeletal muscles (Bruegmann et al., 2015). In
neurons, this delay may lead to action potential doublets being triggered by a single pulse

of light (Nagel et al., 2005).

Our experiments involving optical tetanic stimulation of regenerated soleus muscles, using

ChR2-expressing myoblasts, demonstrated impaired tetanic force, a non-sustained force

160



with an initial peak declining to the basal level, at both 50 Hz and 100 Hz of stimulation
(results not shown). This impairment most likely occurs because the delayed channel
closure prevents repolarization between pulses. This phenomenon is similar to constant
illumination without pulsing, where the refractoriness of L-type Ca?" channels, combined
with reduced Ca?" accumulation and diminished force, contributes to the decreased
performance (Robin & Allard, 2013). This indicates that short phases of repolarization are
essential for maintaining continuous tetanic contractions in skeletal muscles (Bruegmann

etal., 2015).

To mitigate this effect, future studies could explore the use of ChR variants with faster
kinetics. Several alternatives with reduced desensitization are available, particularly
chimeric variants derived from ChR1 and ChR2, such as ChD, ChEF, and ChIEF, which
show promise in improving temporal precision. These variants offer an enhanced steady-
state phase response with minimal peak photocurrent, delivering consistent performance
during extended light exposure and repetitive high-frequency light pulses (J. Y. Lin et al.,
2009). Additionally, these chimeric channels feature faster kinetics, with a closing time of
10 ms or less, demonstrate better expression in mammalian cells, and are more efficiently
trafficked to the cell membrane (Kleinlogel et al., 2011; J. Y. Lin et al., 2009; H. Wang et

al., 2009).

6.4.4 Muscle Fibre Types

Skeletal muscles in mammals exhibit considerable heterogeneity, consisting of various
types of muscle fibres that differ in their enzymatic profiles (Pette, 1985; Romanul & Van
Der Meulen, 1967). These fibres are generally classified into two main groups: type I and

type 11, based on the MHC isoforms they express. Type I fibres are slow-twitch, while type
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II fibres are fast-twitch (Scott et al., 2001; Talbot & Mavez, 2016). The phenotypic
differentiation of primary muscle fibres occurs in the absence of nerves or neural activity,
and their spatial distribution remains organized. This suggests that during development,
the phenotypes of muscle fibres are not influenced by the firing patterns of the innervating
motoneurons (Rafuse et al., 1996). However, different classes of motoneurons tend to
selectively innervate the appropriate types of developed muscle fibres (M. Vogel &
Landmesser, 1987). Motoneurons are guided by environmental signals within the limb to
select their target muscles, and once the axons reach the muscle, they rely on more
localized cues to establish connections with the correct muscle fibre types. Nevertheless,
in the absence of matching fibre types, motoneurons can innervate unsuitable fibres and
alter their characteristics to align with the motoneuron’s fast or slow properties (Rafuse et

al., 1996).

In our in vitro cultures of ES cell-derived myoblasts, we observed the development of only
fast-twitch fibre types. Given that the electrical properties of motoneurons influence the
contractile properties of the muscle fibres they innervate, it would be valuable to
investigate whether these fibres undergo type changes after being co-cultured with
motoneurons and forming NMJ. Furthermore, it would be interesting to explore whether
constant optical stimulation of the ChR2 expressing muscle cultures could induce changes

in fibre types.

Additionally, the soleus muscle typically consists of both fast and slow fibre types, though
it is predominantly composed of slow fibres (Crow & Kushmerick, 1982; Edgerton et al.,
1975; Schiaffino & Reggiani, 2011; Thompson, 2002). However, our regenerated soleus

muscles, which were transplanted with tdTomato-expressing myoblasts, were composed
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entirely of fast fibres when assessed at one- and two-months post-transplantation. Since
these fibres are innervated by the natural endogenous motor axons of the soleus muscle,
there is potential for them to adapt their fibre types to match the motoneurons that
innervate them. Future studies could extend the observation period to examine whether a

fibre type switch occurs over a longer timeframe.

6.4.5 Myoblast Number for Transplantation

A range of muscle precursor cell numbers for transplantation into mouse hindlimb skeletal
muscles has been reported in the literature. For instance, Morgan et al. (1993) transplanted
5 x 10° muscle precursor cells into the TA muscle, while Vilquin et al. (1995) injected 4 x
10° myoblasts, and Huard et al., (1994) transplanted 5 x 10° human myoblasts. More
recently, Metzler et al. (2022) injected only 1 x 10° hiPSC-derived muscle progenitor cells.
Similarly, Wernig et al. (1995, 2000) and Law et al. (1988) reported transplanting 1 x 10¢
myoblasts into the soleus muscle, and Petersen & Huard (2000) injected 5 x 10° myoblasts

into the same muscle.

In our case, the number of cells used for each transplantation (5 x 10°) was the maximum
we could inject into the injured soleus muscles. The soleus muscles are extremely fragile
and necrotic following irradiation and notexin injection, as notexin destroys all muscle
fibres, while irradiation deactivates the satellite cells, preventing any natural regeneration.
In such conditions, cell injection must be performed carefully, as using more than 4-5 pl

of cell suspension causes damage to the muscle surface, leading to cell leakage.

Initially, we chose this relatively high number of cells because we aimed to achieve

optimal regeneration. However, the results from tdTomato-expressing muscles revealed
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an exceptionally high number of regenerated myofibres—5.5 times more than in
unoperated control muscles. Interestingly, the CSA of these fibres was 4.6 times smaller.
It would be valuable for future studies to transplant different numbers of cells into the
soleus muscle and compare the resulting number of regenerated muscle fibres and their
CSAs. This could help determine whether varying the cell dose influences the overall

muscle regeneration process and fibre morphology.

6.5 Conclusion

In conclusion, the collective findings from this thesis represent a significant advancement
in the field of muscle regeneration and function restoration. First, a protocol was developed
to differentiate mouse ES cells into functional skeletal muscle cells for use in cell
replacement therapies. These myoblast cultures were successfully engineered to express
exogenous markers such as tdTomato and ChR2. The ChR2-expressing myoblasts
contracted in response to light, produced to facilitate optical control of muscle function
post-transplantation. Developmental analysis of the differentiated muscle cells revealed
the progression of ES cell-derived myoblasts from a quiescent state to fully differentiated

myofibres, all of which were fast-twitch fibre types.

Furthermore, transplanting these in vitro cultured myogenic cells into the mouse soleus
muscle, which had been completely damaged by notexin injection and was unable to
regenerate due to hindlimb irradiation, resulted in successful muscle regeneration and
functional recovery. The regenerated muscles expressing ChR2 were fully responsive to
light and produced the same contractile forces as direct neural stimulation. Muscles
regenerated by transplanting tdTomato-expressing myoblasts not only increased muscle
mass but also established functional innervation with endogenous motor axons. These
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muscles produced slightly higher, though not significantly different, muscle forces

compared to unoperated contralateral soleus muscles.

Additionally, in our search for alternative methods to introduce external genes, we
transfected myoblasts with LNPs, resulting in specific and high expression of tdTomato in
the myofibres. This appears to be a promising approach for future clinical applications of

the ChR2 gene in muscle tissues.

As the field continues to advance, the integration of stem cell therapy with optogenetic
technologies holds promise for developing novel treatments for a wide range of muscle-
related conditions. However, realizing the full therapeutic potential of these methods will
necessitate ongoing research, innovation, and thoughtful attention to the ethical and
practical challenges they present. With further refinements and reaching to clinical
validation, these technologies could significantly improve the quality of life for individuals
suffering from muscle injuries, degenerative diseases, and paralysis, bringing us closer to

the goal of restoring full muscle function in affected patients.
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Appendix One- Chapter Two Movies

Video 2.1. Optical activation of ES cell-derived myotubes/myofibres expressing ChR2.
This video demonstrates the optical activation of 15-day-old ES cell-derived
myotube/myofibre cultures expressing ChR2. The cultures were stimulated using 470 nm
blue light, visibly inducing muscle contraction upon light exposure.

Video 2.2. Optical activation of ES cell-derived myotubes/myofibres transduced with
AAV-PHP.eB-CAG-ChR2-EYFP. This video demonstrates the optical activation of 15-
day-old ES cell-derived myotube/myofibre cultures expressing ChR2 via AAV-PHP.eB-
CAG-ChR2-EYFP transduction 2 days earlier (day 13). The cultures were stimulated
using 470 nm blue light, visibly inducing muscle contraction upon light exposure.
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Appendix Two - Chapter Three Movies

Video 3.1. Ex Vivo Optical Activation of Regenerated Soleus Muscle Following ChR2-
Expressing Myoblast Transplantation. This video shows the ex vivo optical activation of
regenerated soleus muscle 30 days post-transplantation of ChR2-expressing myoblasts
into irradiated and notexin-injected muscle tissue. Muscle contractions are obvious in
response to 470 nm blue light stimulation, occurring independently of nerve stimulation.

Video 3.2. Ex Vivo Optical Activation of Regenerated Soleus Muscle Following AAV-
PHP.eB-CAG-ChR2-EYFP transduced Myoblast Transplantation. This video shows the
ex vivo optical activation of regenerated soleus muscle 60 days post-transplantation of
AAV-PHP.eB-CAG-ChR2-EYFP transduced myoblasts into irradiated and notexin-
injected muscle tissue. Muscle contraction is obvious in response to 470 nm blue light
stimulation, occurring independently of nerve stimulation.
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